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In 1915 we reported work' showing that the intravenous injec- 
tion of peptone in dogs may cause a marked decrease in the 
concentration of sugar in the blood, a condition which we desig- 


CORRECTION. 


On page 42, Vol. XXX, No. 1, Ma ' 
y, 1917, Experiment 3 sh 
“‘with injection of 0.8 gm.”” instead of 8.0 gm. should read 


sugar. The action of animal pruuuvw, sewer, -— 
function is so contradictory that this observation cannot for the 
present be definitely accepted or evaluated. The subject is 
discussed by Allen.‘ 

The work of Kuriyama on hypoglycemia has no direct relation - 
to ours, and cannot be used to refute our results because he 
obtained little or no peptone reaction. To use his own words: 


“Full grown rabbits were used. . . . . The rabbit is usually con- 
sidered to be less susceptible to peptone. . . . . In my own experi- 





1 McGuigan, H., and Ross, E. L., J. Biol. Chem., 1915, xxii, 417. 
* Kuriyama, 8., J. Biol. Chem., 1917, xxix, 127. 
3 Glaessner, K., and Pick, E. P., Z. exp. Path. u. Ther., 1909, vi, 313. 
‘ Allen, F. M., Glycosuria and Diabetes, Cambridge, 1913, 526, 555, 
and ff. 
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In 1915 we reported work! showing that the intravenous injec- 
tion of peptone in dogs may cause a marked decrease in the 
concentration of sugar in the blood, a condition which we desig- 
nated as peptone hypoglycemia. The conclusions of this work 
were opposed to the statement of Henderson and Underhill that 
the intravenous injection of peptone in dogs causes glycosuria. 
In a recent article Kuriyama,? working under Underhill’s direc- 
tion, but using rabbits instead of dogs, confirms our experiments 
to the extent that he could find no glycosuria, but he failed to find 
evidence of hypoglycemia. 

The work of Glaessner and Pick® is in harmony with ours. They 
found that peptone inhibits epinephrine glycosuria. Pancreatic 
juice has a similar action. Kuriyama and Underhill, however, 
explain this as due to decreased permeability of the kidney for 
sugar. The action of animal products, however, on kidney 
function is so contradictory that this observation cannot for the 
present be definitely accepted or evaluated. The subject is 
discussed by Allen.‘ 

The work of Kuriyama on hypoglycemia has no direct relation - 
to ours, and cannot be used to refute our results because he 
obtained little or no peptone reaction. To use his own words: 


“Full grown rabbits were used. . . . . The rabbit is usually con- 
sidered to be less susceptible to peptone. . . . . In my own experi- 





1 McGuigan, H., and Ross, E. L., J. Biol. Chem., 1915, xxii, 417. 

* Kuriyama, 8., J. Biol. Chem., 1917, xxix, 127. 

’ Glaessner, K., and Pick, E. P., Z. exp. Path. u. Ther., 1909, vi, 313. 
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176 Peptone Hypoglycemia 


ments the rabbits usually showed no severe symptoms except a slight 
degree of prostration after an intravenous injection of Witte’s peptone in 
doses of 0.5 to 0.75 gm. per kilo of body weight.”’ 


In the animals used by us there was always a pronounced and 
exhausting effect, with vomiting and diarrhea. In describing 
the conditions that produce hypoglycemia we emphasized fatigue 
and exhaustion as important causative factors, and while we can- 
not yet explain the mechanism of the action, we still hold, as then, 
that it may be a condensed fatigue effect. We say condensed, 
because most conditions, like fatigue or moribund states, that 
produce hypoglycemia, do so not acutely but only in the prolonged 
cases. It is evident therefore that we should not expect hypo- 
glycemia from peptone in those animals, like rabbits, in which it 
does not act. Many drugs, also, e.g., atropin, which produce 
marked changes in the dog, may be almost without action in the 
rabbit. 

We have again tested this action of peptone in dogs, and deter- 
mined the sugar by two methods of analysis. The following 
tables show the results. 


EXPERIMENTAL. 


The animals used in the following tests were not uniform in 
any way. Some were not fed for 18 hours before the peptone was 
injected while others had considerable food in their stomachs at 
the time of the experiment. Most of the animals were in good 
condition. A few were suffering from distemper. The diet of 
the dogs was mixed and variable, being the scraps from the hos- 
pital dining-room tables. 

The blood sugar was determined by a modification of Ber- 
trand’s and also by Benedict’s method. Triplicate determina- 
tions were made by each method. 


The Bertrand method was carried out as follows. 10 cc. of oxalated 
blood were measured into a beaker containing 30 cc. of distilled water. 
After laking, enough picric acid was added to precipitate the proteins, 
then the volume of the solution was made up to 150 cc. with saturated 
picric acid solution. The mixture was filtered and 100 cc. of the filtrate 
without removal of the picric acid were taken for the determination. This 
sample was brought to a boil and to it were added 60 cc. of freshly prepared 
boiling Fehling’s solution. The mixture was kept boiling for 2 minutes. 
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It was then filtered through asbestos, washed, and the reduced copper dis- 
solved in 25 ec. of 5 per cent ferric sulfate in 20 per cent H,SO, solution, 
and titrated against standard permanganate solution of such strength that 
1 cc. of KMnQ, represented 0.001 gm. of dextrose. The Fehling’s solution 
used was that made up according to U.S. P. No. IX. 


The Benedict method was carried out as described by Myers 
and Bailey.’ 

The peptone injected was weighed out in varying quantities, 
from about 0.3 to 0.5 gm. per kilo of body weight. 10 to 15 ce. 
of physiological salt solution per gm. of peptone were used. The 
solution was filtered through gauze but not boiled before being 
injected into the animal. 

The animal was tied on a dog board and bled with a hypodermic 
syringe from the jugular vein. Immediately after the bleeding, 
the peptone was injected, sometimes into the jugular vein and 
sometimes into the femoral vein. 


TABLE I. 
Blood Sugar Changes Caused by Intravenous Peptone Injections. 














Dog. Before peptone. 2 hrs. after peptone.| 4 hrs. after peptone. 
Peptone. : , ‘ 
No.| Weight Bertrand | Benedict | Bertrand | Benedict | Bertrand | Benedict 
, oe. method. | method. | method. | method. | method | method. 
kg: gm. per cent per cent per cent | per cent per cent | per cent 


39.0 10.0 0.096 | 0.110; 0.105 | 0.116 | _0.067 | 0.076 
25.0 6.5 0.097 | 0.097 | 0.021 | 0.040 
15.5 3.5 0.125} 0.119} 0.108; 0.112 | 0.090 | 0.096 
15.0 4.0 0.087 | 0.088 | 0.060 | 0.062 0.076; 0.061 
‘ 0.090 | 0.091 | 0.052 | 0.055 | 0.075 | 0.081 
8.5 0.066 | 0.065 | 0.020; 0.037 


COND Oe W tO 
— 
bo 
o 
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35.0 
19.0 4.5 | 0.105! 0.103] 0.138] 0.156| 0.036; 0.060 
33.0 8.0 | 0.070} 0.098 | 0.060} 0.098; 0.060} 0.069 
35.0 8.0 | 0.068 | 0.087 | 0.048 | 0.051 
10| 29.0 7.0 0.058 | 0.088 | 0.072/| 0.109 | 0.047 | 0.060 
11 | 26.0 3.5 0.078 | 0.100| 0.048 | 0.080| 0.054/| 0.079 
12*| 30.0 4.5 0.090 | 0.093 0.068 | 0.069 
13*| 26. 2.9 0.085 | 0.105 0.063 | 0.069 





* Fehling’s solution used in these cases contained 3 per cent KOH. 





5 Myers, V. C., and Bailey, C. V., J. Biol. Chem., 1916, xxiv, 147. 
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TABLE IL 
Fall in Blood Sugar Caused by Intravenous Peptone Injections. 























Before peptone. After peptone. | Fall in glycemia. 

~~ Bertrand | Benedict |Time after| Bertrand | Benedict | Bertrand | Benedict 
method. | method. | injection. | method. | method. | method. | method. 

hrs, 
1 0.096 | 0.110 4 0.067 | 0.076 0.029 | 0.034 
2 0.097 | 0.097 2 0.021 | 0.040 | 0.076 | 0.057 
3 0.125} 0.119 4 0.090 |} 0.096 | 0.035 | 0.023 
+ 0.087 | 0.088 2 0.060 | 0.062 | 0.027 0.026 
5 0.090 | 0.091 2 0.052 | 0.055 | 0.038 0.036 
6 0.066 | 0.065 2 0.020 |} 0.037 | 0.046 0.028 
7 0.105 | 0.103 4 0.036 | 0.060 | 0.069 0.043 
8 0.070 | 0.098 4 0.060 | 0.069 | 0.010 | 0.029 
9 0.068 | 0.087 2 0.048 | 0.051 | 0.020 | 0.036 
10 0.058 | 0.088 4 0.047 | 0.060 0.011 0.028 
11 0.078 | 0.100 4 0.054 | 0.079 | 0.024 {| 0.021 
12 0.090 | 0.093 4 0.068 | 0.069 | 0.022 | 0.024 
13 0.085 | 0.107 4 0.063 | 0.069 | 0.022 | 0.036 
Average .| 0.0858] 0.0957 0.0528 0.0633, 0.0330) 0.0324 
| | 38 | 34 

| | per cent|per cent 

















RESULTS AND DISCUSSION. 


From the results of the work as given in Table I it is clear that 
in every case within 4 hours after the injection of peptone there 
was a fall in the blood sugar as determined by both methods. 
In three dogs there was a rise in the blood sugar preceding the 
fall. The same was the case with at least four dogs reported in 
our previous paper.' We believe that if the blood were examined 
at short intervals a slight rise preceding the fall in blood sugar 
would always be found. A greater fall might also be found in 
many cases, if the time of analysis were extended. 

The results by the two methods, while in the same direction, 
seldom agree as closely as the duplicates of the same method. 
The Benedict method usually gives higher results. In Table II 
where the blood sugar before peptone and the minimum blood 
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sugar after peptone are compared, the differences between the 
determinations by the two methods are best shown. In the 
averages before peptone the Benedict method gives 0.0099 per 
cent higher than the Bertrand method and in the averages of the 
minimum blood sugar after peptone the Benedict method gives 
0.0105 per cent higher than the Bertrand method. Both are 
practically 0.01 per cent higher. Further work on the differences 
between the methods is being carried out. We can say posi- 
tively, however, that variations in the sugar level in dogs as re- 
ported by different investigators are due mainly to the concen- 
tration of the alkali in the Fehling’s solution which they used. 
The term Fehling’s solution in the literature means anywhere 
from 5 per cent to‘12.5 per cent KOH in the mixed fluid. While 
in a water solution of dextrose a variation of the alkali causes a 
relatively slight change in the sugar found, in a blood solution it 
makes a remarkable difference. Because of this hitherto unap- 
preciated factor the level of the blood sugar has been placed any- 
where from 0.03 to 0.150 per cent. For this reason in our previous 
paper we think our results are relatively low. The general 
conclusions, however, are correct. 

In Table II the figures show clearly that there is always a 
hypoglycemia after the injection of peptone. Sometimes it 
comes earlier than in others. The cause of this we cannot say 
with certainty. We believe that some animals under certain 
conditions of health and feeding become fatigued more rapidly 
than others and the fatigue is the main cause of the hypoglycemia. 
The average fall in glycemia amounted to 0.03 per cent, which 
constituted 34 to 38 per cent of their normal blood sugar. 


SUMMARY AND CONCLUSIONS. 


Dogs, not uniformly controlled as to diet, general condition, 
or time after eating, were injected intravenously with 0.3 to 0.5 
gm. of Witte’s peptone per kilo of body weight. The blood sugar 
was determined before the injection and at intervals of 2 and 4 
hours after the injection. In every case hypoglycemia developed. 
The average fall for thirteen dogs was 0.03 per cent dextrose or 
34 to 38 per cent of their original blood sugar. 














THE ROLE OF YEAST IN THE NUTRITION OF AN 
INSECT (DROSOPHILA). 


By J. H. NORTHROP. 
(From the Laboratories of The Rockefeller Institute for Medical Research.) 


(Received for publication, April 21, 1917.) 


It has been found by several authors! that the fruit fly, Dro- 
sophila ampelophila, when freed from microorganisms and raised 
under aseptic conditions grows much more normally on fruit 
or potato when yeast is present. This applies strictly, how- 
ever, only to the growth of the larve, it having been found? 
that the imago is able to live the normal length of time on food 
which contains no yeast and which is inadequate for the growth 
of the larve. This is in accord with the results of McCollum? 
and Osborne and Mendel,‘ who have found that food which is 
insufficient for the growth of rats may be sufficient for their 
maintenance. It is well known from the work of Funk,’ Hop- 
kins,6 Osborne and Mendel,’ McCollum,® and others, that cer- 
tain accessory food substances are required for the growth of 
rats, pigeons, chickens, and probably the higher animals in gen- 
eral. It has further been shown that yeast is especially rich in 
these substances. It seemed of importance, therefore, to deter- 
mine whether in the case of Drosophila the yeast was needed 
to supply some accessory food substance or whether the insects 


1 Guyénot, E., Compt. rend. Soc. biol., 1913, lxxiv, 178, 223. Loeb, J., 
and Northrop, J. H., J. Biol. Chem., 1916, xxvii, 309. 

2 Loeb and Northrop, Proc. Nat. Acad. Sc., 1917, iii, 382. 

3 McCollum, E. V., Am. J. Physiol., 1911-12, xxix, 215. 

4 Osborne, T. B., and Mendel, L. B., J. Biol. Chem., 1915, xxiii, 439. 

5’ Funk, C., Die Vitamine, Wiesbaden, 1914. See also J. Physiol., 
1912-17, and J. Biol. Chem., 1913-17. 

* Hopkins, F. G., J. Physiol., 1912, xliv, 425. 

7 Osborne and Mendel, Carnegie Institution of Washington, Publication 
156, 1911, pts. i and ii, and J. Biol. Chem., 1912-17. 

§ McCollum and collaborators, J. Biol. Chem., 1913-17. 
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a definite mixture of yeast and banana or yeast and casein, and 
(2) by determining the rate of growth of the larve on such 
mixtures. 


1. In the first series of experiments 0.025 gm. of banana was weighed 
into each of fifteen test-tubes. Similar series were prepared containing 
0.025 gm. of (a) casein, (b) sugar, and (c) 0.025 gm. of each, 0.25 cc. of a 
suspension of yeast in water containing 10 gm. of yeast® in 100 cc. was added 
to each tube, the contents were thoroughly mixed, and sufficient absorbent 
cotton was added to absorb the excess water and prevent the flies from 
drowning. The tubes were then plugged with cotton and sterilized in the 
autoclave for 20 minutes. A similar series was prepared in which 0.25 ce. 
of water was added to the banana, etc., and also one containing the yeast 
suspension alone. Five to ten pairs of flies were then put in each tube 
(using the technique of Delcourt and Guyénot'*) and allowed to remain 
until 50 to 100 eggs had been laid. This required 2 to 3 days. The flies 
were then removed and the tubes incubated at 26°. The number of flies 
which developed were counted. At the end of the experiment the tubes 
were tested for sterility by inoculation into glucose broth, agar, litmus 
milk, and yeast extract culture media. Only those tubes which remained 
sterile were considered in recording the results. 


The numbers in Table I refer to the maximum number of flies 
which developed on any one culture of the series. 

The results show that the number of flies which are able to 
develop on a certain quantity of yeast may be greatly increased 
by the addition of casein, sugar, or banana to the yeast. These 
substances must therefore be able to serve as food for the larve 
when yeast is also present. The fact that they are of little or 
no value when not mixed with yeast shows that the latter sup- 
plies some substance or substances which are necessary for the 
growth of the larve and which it cannot obtain, in sufficient 
quantity at least, from banana, casein, or sugar. 

The quantitative results may be seen more clearly from the 
second series of experiments (Table II) in which the time re- 


® The yeast used in all these experiments was free from starch and was 
obtained through the courtesy of the Fleischmann Company. 

10 Delcourt, A., and Guyénot, E., Bull. Sc. France et Belgique, 1911, 
xlv, 249. 


lived exclusively on yeast. Since it is impossible to conduct 
direct metabolism experiments on a single insect it was neces- 
sary to use indirect methods. This has been done in two ways; 
(1) by determining the number of flies that may be raised on 
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TABLE I. 





Casein. : No. of flies. 





gm. “ gm, 
0.025 4 
0.025 9 
o* 
0.025 f 7 
0.025 0.025 16 
0.025 0.025 0: 24 
0.025 .0: o** 

















* If a large number of eggs are allowed to be laid on a considerable quan- 
tity of banana a few small sexually sterile flies'' may be raised. If the 
banana is removed aseptically from the fresh fruit and kept sterile with- 
out heating, slightly better results are obtained, although it has thus far 
been impossible to raise a second generation even by this method. 

** The ash from 0.025 gm. of yeast was added to this culture. 


quired for the larve to reach the pupal stage is used as the index 
of the food value of the mixture. 


2. In these experiments the cultures were made in 120 cc. Erlenmeyer 
flasks plugged with cotton and containing 8 gm. of the mixture. The yeast 
was added in the form of a 10 per cent suspension and thoroughly mixed 
with the banana. The flies were only allowed to remain in the flasks for 14 
hours and were then removed and the cultures kept at 30°. 


TABLE II. 





Ratio, banana to yeast. Time from egg to pupe. Time as pupe. 








days 
4.12+0.04 
3.72+0.02 
3.60+0.01 
3.74+0.02 
4.33+0.03 
4.75+0.03 
5.33+0.08 


days 
3.43+0.05 
3.62+0.07 
3.68+0.04 
3.54+0.05 
3.49+0.05 
3.23+0.10 
3.45+0.15 


6.68+0.16 Irregular; flies. 

8.3 +0.2 Abnormal. 

9.0 +0.2 
14-25 











11 Loeb and Northrop, J. Biol. Chem., 1916, xxvii, 309. See also Guyé- 
not,! 271. 
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The figures given in Table II are the average times required for 
all the larvee to reach the pupal or imago stage (generally 100 to 200). 
It will be seen that the number of days required for the pupal stage 
to be reached decreases slightly up to a value for the ratio of ba- 
nana to yeast of about two, and then increases rather rapidly. This 
seems to indicate that such a mixture allows a slightly more rapid 
growth of the larve than does yeast alone. As the proportion 
of banana to yeast becomes larger the results become more ir- 
regular, as is shown by the increase in the probable error, until 
when banana alone is used the average is of little significance. 
This increase is obviously due to the dilution of the yeast by 
the banana which, when present in excess, behaves as unavail- 
able material. The irregularity in the results with large pro- 
portions of banana is partially due to the fact that as the value 
of the ratio of banana to yeast increases development becomes 
abnormal. 

The pupal period remains the same, within the limits of error, 
no matter how long the iarve may require to reach that stage. 
The larval period may be more than doubled by decreasing the 
amount of yeast. This has been repeatedly observed and corre- 
sponds to Osborne and Mendel’s‘ experiments on the retarda- 
tion of growth of rats by means of incomplete food. It raises 
the question as to whether this is an actual prolongation of the 
life of the insect or merely an increase in the larval period with a 
corresponding decrease in the length of life of the imago. The 
fact that the pupal period is independent of the larval period 
would seem to indicate that the length of life of the imago would 
be independent of the time required to reach that stage in so 
far as the variation in the duration of the larval stage is due to 
lack of adequate food. Experiments are under way to deter- 
mine this point. Since these experiments were started a note 
has appeared by Osborne, Mendel, and Ferry” in which they 
give similar indirect evidence on this point by means of the fact 
that the menopause in female rats is delayed by stunting. There 
appears to be no direct evidence, however, that there is any 
definite relation between the duration of the sexual life of the 
organism and the total life of the organism. 


12 Osborne, T. B., Mendel, L. B., and Ferry, E. L., Science, 1917, xlv, 
294, 









J. H. Northrop 185 


The most probable explanation of these results seems to be 
that the yeast supplies some substance or substances which are 
necessary for the growth of the organism and which cannot be 
obtained by it from protein or carbohydrate. The experiments 
of Loeb™ show conclusively that it is not a question of inorganic 
constituents, since this author was able to raise Drosophila on 
yeast growing on Pasteur’s solution in which the salt content 
could be accurately controlled. These experiments also show 
that the yeast plant is able to synthesize the accessory substance 
required by the fly from simple chemical compounds of known 
structure. Nothing definite can be said as yet as regards the 
nature of the accessory substance or substances. Attempts 
to concentrate it by various methods of extraction, etc., have 
not yet led to any definite results. 

It is interesting to note in this connection that Wildiers in 
1900 came to the conclusion that some accessory substance that 
he called “bios” was needed for the growth of yeast itself but 
that this substance could not be synthesized by the yeast plant. 
A somewhat similar condition seems to exist in regard to the 
slime molds and amebe"* which have been found to be dependent 


on bacteria for normal growth. 


Experiments with Animal Tissues. 


It seemed possible that some light might be shed on the prob- 
lem if other substances could be found which were able to furnish 
the accessory food substances for the fly. Cultures were there- 
fore made of various animal tissues. 


The tissues were removed from the animal, ground in a mortar to a thin 
paste with a small amount of sand and water, the resulting suspension was 
poured into test-tubes with sufficient absorbent cotton to prevent the 
flies from drowning, and sterilized, etc., as usual. The tethelin was re- 
ceived in the form of a sterile powder. It was added aseptically to pre- 
viously sterilized tubes containing 0.5 gm. of banana or yeast. 





13 Loeb, J., J. Biol. Chem., 1915, xxiii, 431. 

44 Wildiers, E., La Cellule, 1901, xviii, 313. See also Amand, A., ibid., 
1902, xx, 225; 1904, xxi, 329. 

16 Pinoy, E., Ann. l’ Inst. Pasteur, 1907, xxi, 622, 686. 

16 Biedermann, W., Winterstein’s Handb. vergl. Physiol., Jena, 1911, 


ii, pt. i, 278. 
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Liver, pancreas, and kidney from the dog, and liver from the 
mouse were found to allow normal and perfect development, 
and they must therefore contain the accessory substances. 
Spleen, heart muscle, muscle, blood, adrenal, and thyroid from 
the dog were insufficient, as were muscle, testis, and tumor from 
the mouse. Thymus from the dog, rabbit, or calf allowed a 
few imagos to develop, but growth was abnormally slow, the 
flies were small, and many pup2 failed to hatch. 

Dead sterile flies may also serve as normal food for the larve. 
This shows that the accessory substances are not broken down 
in the body of the fly but are preserved in an active form. 

Experiments in which tethelin was added in quantities up 
to 60 mg. per 0.5 gm. of banana or of yeast also gave negative 
results; no change was noted in the growth of the larve in either 
case. The results with pancreas'’ and liver'® agree with those 
already found for the higher animals. It is possible that the 
negative results in the case of some of the tissues may be due in 
part to the sterilization, but it is difficult to see why this should 
affect one tissue more than another. The larve grew normally 
on any of the tissues when they were infected with bacteria. 
This may explain the results of Bogdanow,'® who was unable to 
raise sterile meat flies (Calliphora vomitoria) on sterile meat 
(presumably muscle tissue). It seems probable that growth 
would have been normal on liver or pancreas and that the bac- 
teria merely served to furnish the accessory substances which 
according to the present experiment are not present, in sufficient 
amount at least, in muscle. 


SUMMARY AND CONCLUSIONS. 


It has been shown in a previous paper that the fruit fly, Droso- 
phile when freed from microorganisms cannot be raised success- 
fullY on sterilized banana or on a mixture of pure proteins, 

ars, salts, and fat. It is shown in the present paper that: 

1. The number of flies which are able to develop on a definite 
, quantity of yeast may be increased by the addition of banana, 


17 Eddy, W. H., J. Biol. Chem., 1916, xxvii, 113. 
18 Osborne and Mendel, J. Biol. Chem., 1914, xvii, 340, 401. 
19 Bogdanow, E. A., Arch. Physiol., 1908, Suppl., 173. 
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casein, or sugar to the yeast. These latter substances can there- 
fore serve as food for the larve when supplemented by yeast. 

2. The rate of growth of the larve is equally, or slightly more 
rapid on mixtures of banana and yeast containing more than 33 
per cent yeast than it is on yeast alone. In mixtures containing 
less than this amount of yeast growth becomes slower as the 
amount of yeast is decreased, and finally, when the proportion 
of yeast is very small, becomes abnormal. Yeast therefore con- 
tains a sufficient excess of the necessary (accessory) substances 
to render available as food approximately twice its weight of 
banana. 

3. Kidney, liver, and pancreas from the dog, liver from the 
mouse, and the bodies of the flies themselves are an adequate 
source of food for the larve. 

4. Sterilized spleen, heart muscle, muscle, blood, adrenal, and 
thyroid from the dog are not an adequate food for the larve. 
Muscle, testis, and tumor from the mouse are also inadequate. 
Sterilized thymus from the dog, rabbit, or calf allow a few 
imagos to develop, but growth is slow and the flies are abnormally 
small. No effect on the rate of growth could be noted when 
tethelin was added to the food. 


In conclusion the author wishes to acknowledge his indebted- 
ness to Professor Jacques Loeb for many helpful suggestions 
during the course of the work. He is indebted to Dr. John 
Auer for the dog tissues, to Dr. Herbert Taylor for the mouse 
tissues, to Dr. Uhlenhuth for the thymus, and to Dr. T. B. 
Robertson for the tethelin. 




















THE INFLUENCE OF PROTEIN INTAKE ON CREATINE 
EXCRETION IN CHILDREN. 


By W. DENIS anp J. G. KRAMER. 
Wits THE AssIsTANCe or ANNA S. MINoT. 


(From the Chemical Laboratory and Children’s Medical Service of the 
‘ Massachusetts General Hospital, Boston.) 


(Received for publication, April 27, 1917.) 


The phenomenon of creatinuria in children is of particular in- 
terest, for the reason that while the excretion of creatine in man 
occurs in adults only under pathological conditions, it has been 
shown by Rose! that creatine is a constituent of the urine of all 
children, both normal and pathological, up to the age of puberty. 

Shortly after the appearance of Rose’s paper his results were 
confirmed by Folin and Denis.2. These investigators did not, 
however, feel justified in accepting the suggestion of Rose re- 
garding the cause of creatinuria in children, and in their paper 
make the following statement: 


“‘We are inclined to believe that the creatine in children’s urine does 
not depend as Rose suggests on a peculiar carbohydrate metabolism but 
that it is due to an excessively high level of protein consumption (in pro- 
portion to mass of muscles in the body). . . . . If the above hypoth- 
esis is correct it should be possible to reproduce in adults by forced feed- 
ing with protein which contains no creatine the condition with reference 
to creatine found in children and it should also be possible to obtain 
creatine-free urine from children by reducing their protein consumption.” 


In a recent paper it has been shown by one of us* that in adults 
suffering from hyperthyroid disease it is possible by forced pro- 
tein feeding to obtain urines rich in creatine, and by diminish- 
ing the protein intake to a minimum, to obtain from the same 


1 Rose, W. C., J. Biol. Chem., 1911-12, x, 265. 
? Folin, O., and Denis, W., J. Biol. Chem., 1912, xi, 253. 
8’ Denis, W., J. Biol. Chem., 1917, xxx, 47. 
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subjects creatine-free urines. In the present paper we wish to 
present certain experimental results which afford further veri- 
fication of the suggestion made 5 years ago by Folin and Denis. 
In short, we have found that by feeding children diets extremely 
low in protein but of sufficient calorific value, it is possible to 
obtain urines absolutely creatine-free. On feeding increasing 
amounts of protein, creatine excretion begins, increases day by 
day, and if the protein intake can be pushed to a sufficiently 
high point may become considerably greater than the excretion 
of preformed creatinine. The experimental method pursued 
in all cases was first to give a creatine-free diet containing the 
largest amount of protein the subject could be induced to take. 
This was followed by a diet containing a minimum amount of 
protein, which was succeeded by a second period of high protein 
feeding. 

The same articles of food were used for all the children, with 
slight quantitative changes to suit individual taste. 

During the high protein period the food consisted of eggs, 
cheese, peanut butter, gelatin, milk, bread, potato, and orange 
juice. During the low protein periods the diet was made up of 
rice, potato, tapioca, apples, oranges, spinach, 40 per cent cream, 
butter, sugar, lactose, honey, and arrowroot biscuit (made from 
arrowroot starch and butter). 

In the case of the infant a mixture of whole and fat-free milk 
was used during the high protein period, while for the low protein 
diet we used a mixture of oatmeal water, lactose, and 40 per 
cent cream. Analysis made of these formulas indicated that dur- 
ing the period of high protein feeding this infant was receiving 
daily 53 gm. of protein, 28 gm. of fat, and 75 gm. of carbohydrate, 
while during the period of low feeding he was given 7.8 gm. of 
protein, 41 gm. of fat, and 105 gm. of carbohydrate. The cal- 
orific values of the two diets were approximately equal, being 
equivalent to about 90 calories per kilo of body weight of the 
infant. 

Of the four children used three were very active and were up 
and about the ward daily; the fourth (Subject III) had a cast on 
one leg and was therefore obliged to remain in bed. The infant 
was kept on a Bradford frame throughout the experimental 
period in order to facilitate the collections of urine. 
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Body temperatures were taken twice daily but as none above 
normal were recorded, no detailed record of this has been included 


in the tables. 

Creatinine and creatine were determined by Folin’s micro 
methods.‘ For the determinations of total nitrogen the method 
of Folin and Denis** was employed. - The subjects of our experi- 
ments were all patients in the children’s ward of this hospital. 
Two may be considered as essentially normal (Subjects IV and V); 
two were in a late stage of convalescence (Subjects II and III). 
All remained in good condition and maintained their weight 
during the experimental period. 


Subject I (Table I).—A girl, 5 years old, weight 12 kg. Entered the 
hospital 9 months ago with anemia and enlarged spleen. The spleen was 
removed and the patient made a good recovery. Subsequently the diag- 
nosis of kala-azar was made. On account of the rarity of this condition this 
patient had been kept at the hospital for observation. She had been 
afebrile for 5 weeks previous to the beginning of our experiments and had 
been gaining steadily in weight. 

This child did well while on the high protein diet but on the low protein 
diet developed a diarrhea (probably due to the large amounts of cream 
and butter consumed) which made the quantitative collection. of urine 
difficult. While, therefore, it will be noticed that a marked fall in creatine 
excretion occurred it was not thought advisable to continue the low pro- 
tein diet long enough to get minimal creatine figures. 


TABLE I. 





Date. phe mg Creatine. Total nitrogen. Protein diet. 





<< 
2 


March mg. mg. 
15-16 140 180 
16-17 131 146 
17-18 152 173 
18-19 137 113 
19-20 142 105 
20-21 143 71 
21-22 133 42 
22-23* Ra ae 
23-24 137 137 


High. 


“ 
a“ 
“ 


Low. 


“ 


mem tO mm 
mem ONWOMWS 


“ 


to 
CO: 

















* Urine not quantitatively collected. 





4 Folin, O., J. Biol. Chem., 1914, xvii, 472. 
5 Folin, O., and Doisy, E. A., J. Biol. Chem., 1917-18, xxviii, 349. 
* Folin and Denis, J. Biol. Chem., 1916, xxvi, 473. 
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Subject II (Table II).—A boy, 6 years old, weight 17.08 kg. This child 
had been an inmate of the hospital for 4 months while receiving surgical 
treatment for osteomyelitis. At the time at which we began our experi- 
mental work he was about to be discharged, and was detained for use in 
our experiment. 

This child took the low protein diet well, and, as will be seen from the 
result presented in Table II his creatine dropped from 132 mg. on the high 
protein diet to 3 mg. after 8 days of low protein feeding. 












TABLE II. 








































Date. phan a my Creatine. Total nitrogen. Protein diet. 
March mg. mg. gm. 

15-16 200 132 7.0 High. 
16-17 aes ee as Low. 
17-18 199 101 2.9 “ 
18-19 189 77 2.4 “ 
19-20 189 41 2.7 « 
20-21 190 26 22 “ 
21-22 191 18 1.8 “ 
22-23 206 9 1.4 “ 
23-24 213 3 1.2 “ 
24-25* 

25-26 211 4 44 “ 
26-27 219 73 2.6 High. 
27-28 217 88 4.32 “ 
28-29 210 105 
























* Urine not quantitatively collected. 








Subject III (Table III).—A boy, 6 years and 4 months old, weight 16.25 
kg. This child had been an inmate of the hospital for 4 months while 
being treated for osteomyelitis. As in the case of Subject II he was in a 
late stage of convalescence and was detained merely for use as an experi- 
mental subject. The experimental results obtained on this child are of 
particular interest for it will be noted in the table that in only 4 days of 
low protein feeding his urine became creatine-free. 

Subject IV (Table IV).—A boy, 5 years old, weight 17.0 kg. This pa- 
tient entered the hospital for the removal of a keloid following a burn. 
He may be considered a normal child in every respect. 

His stay in the hospital was brief so that we were only enabled to make 
use of him for 7 days; even in this short time, however, the rapid fall in 
creatine excretion (from 130 to 6 mg. in the course of 3 days of low protein 
feeding) makes the experiment of considerable interest. 
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Subject V (Table V).—An infant, 13 months old, weight 9.6 kg. This 
infant entered the hospital for treatment of a mild attack of bronchitis. 
When convalescent he was used for the experiments recorded below. He 
may be considered in every respect a normal child. While the fall in 
creatine excretion is considerable, amounting to about 50 per cent in 3 
days of low protein feeding, the low figures reached in the case of some of 
the older children were not obtained. That this is due to the brevity of 


TABLE III. 





pane mg Creatine. Total nitrogen. Protein diet. 





mg. mg. 
190 60 High. 
196 60 « 

210 122 «“ 

220 102 «“ 

218 40 
223 16 
196 3 
210 0 
230 114 
215 121 
219 152 

















* Urine not quantitatively collected. 
TABLE IV. 





Date. pier mg Creatine. Total nitrogen. Protein diet. 





March mg. mg. gm. 
20-21 200 170 
21-22 190 223 


on High. 
3 

22-23 130 0 Low. 
‘x 
8 


“ 


23-24 220 20 “ 
24-25 204 6 


“ 

















the experiment and is not in any way connected with the age of the subject 
is shown by the results obtained by Talbot and Gamble’ on a 5 months 
old infant who received amounts of protein varying from 9.9 to 37.4 gm. 
and whose creatine output varied from 3 mg. on the former diet to 117 
mg. on the latter. Measurements of the hydrogen ion concentration of 
the urine of this infant are also reported but indicate no relation between 
urinary acidity and creatine output, a fact of interest in view of the recent 
investigations of Underhill* on the relation of creatinuria to acidosis. 





? Talbot, F. B., and Gamble, J. L., Am. J. Dis. Child., 1916, xii, 333. 
8 Underhill, F. P., J. Biol. Chem., 1916, xxvii, 127. 
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TABLE V. 


and Creatine Excretion 















Date. 


Preformed 
creatinine. 








Protein diet. 








March 
27-28 
28-29 
29-30 
30-31 





mg. 
100 
99 
110 
99 














Creatine. Total nitrogen. 
mg. gm. 
102 3.2 
56 2.8 
81 1.3 
53 1.0 








High. 
Low. 


“ 










“ 








occurs during sleep.” 


12 years. 


In Table VI are given the results obtained by determining the 
creatine separately in the day and night urines of the children 
used as subjects for the experimental results presented above. 


TABLE VI. 


Powis and Raper® have recently published the results of a series of 
experiments on two children in which they found that the excretion 
of creatine was greatest during the forenoon, decreased during the 
afternoon, and was very small indeed at night. 
of creatine excretion during the night is attributed by these 
investigators to “the state of rest of the skeletal muscles asso- 
ciated with the temporary cessation of voluntary control which 
Somewhat similar results have been ob- 
tained by one of us” with adults and with two boys aged 10 and 


This diminution 











































Day, 8 a.m. to 8 p.m. Night, 8 p.m. to 8 a.m. aaa 
Subject. etal nasougen 
Preformed | Creatine. | Preformed | Creatine. | (7 

mg mg. mg. mg. gm. 
I 73 103 58 43 4.5 
I 75 42 58 0 1.4 
II 100 40 117 48 4.3 
II 100 9 106 0 1.4 
III 84 30 92 30 4.2 
III 96 3 100 0 1.8 
Vv 55 55 45 47 3.2 
V 60 51 50 30 1.3 




















In order to save space only the results of one high protein and 


one low protein day are given. 


® Powis, F., and Raper, H. 8., Biochem. J., 1916, x, 363. 
10 Denis, J. Biol. Chem., 1917, xxix, 447. 
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These results are of interest for the reason that contrary to the 
findings of Powis and Raper they indicate clearly the important 
part played by food intake on creatine excretion. While in two 
subjects the excretion of creatine is slightly greater during the 
day than at night in two (Subjects II and V) the elimination of 
this body during the periods of high protein feeding is practically 
the game during the two periods. The explanation is simple. 
These children were given a substantial supper at 5 p.m., took 
food (cocoa and bread, or milk) twice during the night, and 
received breakfast at 7 a.m. The infant (Subject V) received 
the same number of feedings during the night as in the day. 
During the period of low protein feeding the only food given the 
children at night consisted of lactose lemonade, with the result 
that no creatine was eliminated during this time. 

Three general hypotheses regarding the origin of creatinuria 
have been proposed: 

Mendel and Rose," as a result of their experiments on starving 
rabbits, have suggested that creatinuria is in some way closely 
connected with carbohydrate metabolism. 

McCollum and Steenbock,” by an interesting series of experi- 
ments on the pig, have obtained results which point to a connec- 
tion between creatinuria and protein metabolism. Recently 
Underhill® has suggested the possible connection between creati- 
nuria and acidosis. 

The results of experimental work recently published from this 
laboratory? would seem to be in accord with the findings of Mc- 
Collum and Steenbock regarding the intimate relation between 
creatine excretion and protein intake. The experiments re- 
ported in the present paper also lend themselves readily to the 


same interpretation. 
SUMMARY. 


Experimental results are presented on four children and one 
infant in which it is shown that the amount of creatine found in 
the urine of children is directly dependent on the intake of pro- 
tein, being high when large quantities of protein (creatine-free) 


Mendel, L. B., and Rose, W. C., J. Biol. Chem., 1911-12, x, 213. 
12 McCollum, E. V., and Steenbock, H., J. Biol. Chem., 1912-13, xiii, 


209. 
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are ingested, decreasing and in some cases disappearing entirely 
when the child is fed a diet of an extremely low protein content. 
Creatinuria in normal children is therefore due to the relatively 
high protein intake which is the rule with practically all children; 
that it may also be due to the low saturation point of immature. 
muscle is suggested by the small creatine content of the muscles of 
children and by the relatively low level of protein consumption 
at which appreciable quantities of creatine are excreted. 





ENZYME AND REACTION OF MEDIUM IN AUTOLYSIS. 


By MAX MORSE. 


(From the Nelson Morris Institute for Medical Research of the Michael 
Reese Hospital, Chicago.) 


(Received for publication, April 27, 1917.) 


It is possible, by means of cataphoresis, to demonstrate that 
the proteolytic enzyme of the liver cells of the guinea pig acts 
only in an acid medium, that is, where pH < 7.0. 

The modification of the original Bechold apparatus by Mi- 
chaelis! was used in these experiments. The cathode consisted of 
copper in CuSQ,, in the presence of a small amount of CuCh. 
The anode was of silver, in NaCl (AgCl). Distilled water 
filled the apparatus with the exception of the lower horizontal 
vessel, in which was placed the suspension of liver. The prep- 
aration of this suspension was as follows: The guinea pig was 
killed by concussion, the liver excised, and frozen within 50 sec- 
onds on a CO, freezing microtome stage. The liver was then 
ground in a mortar and taken up in the form of a suspension in 
0.9 per cent NaCl. Potentiometer measurements with a Clark 
electrode showed a change during this time from pH = 7.2 to © 
6.8. Cataphoresis was maintained by means of a direct current 
of 110 volts for 24 hours. The temperature varied from 20 to 
24°C. It was found impracticable to use the ordinary antiseptic 
agents, such as toluene. It was found undesirable, likewise, to 
place the apparatus in the thermostat room at 37.5°C., inasmuch 
as bacterial action was accentuated. 

At the end of the period of cataphoresis, it was determined that 
the vessels immediately above the horizontal compartment con- 
taining the suspension of liver gave pH = 5.0 on the cathode 
side and that on the anode gave pH > 7.8. The ninhydrin reac- 
tion was distinctly positive on the cathode side and entirely nega- 
tive on the anode. Gasometric amino-acid determinations gave, 


1 Michaelis, L., Biochem. Z., 1909, xvi, 81. 
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on the average, 0.16 mg. of NH, N, per cc. in the cathode vessel; 
on the anode, the average reading was not greater than the cor- 
rection for error. 

It is evident that it is necessary to take into consideration some 
factors which may complicate the obvious conclusion that no 
hydrolysis has taken place in the anode portion. 

In the first place, amino-acids are usually considered to be 
amphoteric compounds. This is not true in electrochemical con- 
siderations, for while the monoamino-monocarboxylic a-amino- 
acids have isoelectric points where pH = 6.5, lysine and ar- 
ginine, and probably histidine, have the value pH 5 9.00. 
Accordingly, the latter class of amino-acids appears at the anode, 
being electro-negative. Again, the objection which might be 
urged that these so called amphoteric compounds, being electro- 
lytes dissociating so that neither the ninhydrin nor the nitrous 
acid method would reveal their presence necessarily, on the anode 
side, but, owing to high concentration would be detected as mole- 
cules on the acid side, is untenable. 

It is to be remembered that, if autolysis proceeded in an alka- 
line medium, amino-acids arising in the hydrolysis unite with 
cations and, on ionizing, become electro-negative; thus they appear 
at the anode. If the enzyme, then, acted in an alkaline medium, 
we should expect to find a positive ninhydrin reaction given by 
the anodic liquid; this, however, is not the case. 

It may be worth recording that the appearance of the horizontal 
vessel was such that it is difficult to believe in an alkaline hydrol- 
ysis. Invariably, there was a diaphragm formed somewhat to 
the alkaline side of the middle of the transverse vessel, which, on 
analysis was found to consist of hemoglobin-impregnated protein 
masses, together with fat. Whether this represented the isoelec- 
tric point for these compounds could not be determined, but 
nevertheless there was a striking difference in appearance be- 
tween the tissue to the anodic side and that on the cathodic side 
of this diaphragm, the former showing impaction, with little or 
no evidence of liquefaction, while the latter showed decided 
liquefaction.* 


2 Scudder, Constants of Organic Compounds, New York, 1914. 
3 By placing 2 ce. of liquid from each of the vessels in contact with 
Witte’s peptone solution, it was determined that the enzyme was present 
in both instances, but much in excess in the cathode vessel. 
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The relation between enzyme and reaction to medium in the 
case of autolysis enzymes has not been studied to any extent. 
The often quoted paper of Wiener‘ was written at a time when 
exact methods for determining reaction of medium were not 
available. Jobling and Petersen’ and Jobling and Strouse® have 
reported autolysis in alkaline media, while Hedin’ has described 
for the spleen, two proteolytic enzymes, one active in an alkaline 
medium and the other in acid. Bradley and Taylor® believe 
that according to their results, it “is proven that the enzyme is 
active in the neutral or amphoteric liver material.’’ In an earlier 
paper, Bradley and Taylor® studied the problem using various 
reagents in different concentrations and observed the results 
upon rate and point of equilibrium of autolysis in mammalian 
liver. The writer,’® using the Sérensen colorimetric method, 
attempted to determine the early relation between enzyme and 
medium, and is now extending the study to those cases where 
alkaline hydrolysis by autolytic enzymes has been definitely 
described. 


CONCLUSION. 


In the guinea pig liver, the proteolytic enzyme of autolysis is 
active only in an alkaline medium. 


* Wiener, H., Zentr. Physiol., 1905-06, xix, 349. 

5 Jobling, J. W., and Petersen, W., J. Exp. Med., 1914, xix, 383. 
* Jobling, J. W., and Strouse, 8., J. Exp. Med., 1913, xviii, 591. 
1 Hedin, 8. G., J. Physiol., 1903, xxx, 155. 

* Bradley, H. C., and Taylor, J., J. Biol. Chem., 1916, xxv, 374. 
* Bradley and Taylor, J. Biol. Chem., 1916, xxv, 261. 

10 Morse, M., J. Biol. Chem., 1916, xxiv, 163. 











THE BIOLOGICAL EFFICIENCY OF POTATO NITROGEN. 
By MARY 8. ROSE ann LENNA F. COOPER. 


(From the Department of Nutrition, Teachers College, Columbia University, 
New York.) 


(Received for publication, April 25, 1917.) 


The most significant contribution to the literature relating to the nutri- 
tive value of potato nitrogen is that of Hindhede.' His experiments were 
planned primarily to study the minimum nitrogen requirement and the 
choice of the potato was due to its low nitrogen content. The work cov- 
ered 309 days, divided into three periods devoted respectively to light, 
moderate, and severe muscular work. Three healthy adult men served 
as subjects. For short periods at different times the diet included, be- 
sides potatoes and ‘‘margarine,’’ small amounts of one or more other foods 
low in nitrogen, such as onions, prunes, and strawberries, but most of 
the time potatoes and margarine were used exclusively, and as the mar- 
garine contained only 0.009 per cent of nitrogen, this food contributed 
very little to the total nitrogen of the diet. The results of the experiments 
in which only potatoes and margarine were used may be summarized as 
follows: 





: Food Urinary 
Subject. ; * | nitrogen. | nitrogen. 





gm. 
—1.73 
—0.36 
—0.68 
+0.52 
—0.50 


gm. 
IN ios gcse | scans 3,592 | 6.66 
4,900 | 8.46 
4,388 | 6.52 
hy Sane tates 3,454 7.34 
Hindhede 2,570 2.97 




















00 OF OH wt ws 
Besse? 





Somewhat earlier, Thomas? attempted to compare the biological value 
of a number of protein foods, among them the potato, to which he as- 
signed a grade of 83 in a series in which milk ranked 99.7 and maize 40. 
The evidence does not justify one in taking the rating as in any sense 
final, partly because of failure to allow sufficient time to attain nitrogen 





1 Hindhede, M., Skand. Arch. Physiol., 1913, xxx, 97. 
? Thomas, K., Arch. Physiol., 1909, 219. 
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equilibrium in a number of cases and partly because of the arbitrary nature 
of the formulas used to calculate the grades, but the protocols show that 
between 5 and 6 gm. of potato nitrogen sufficed to keep a 70 kilo man in 
equilibrium. 


This work suggested to us the desirability of investigating 
more fully the nutritive value of potato nitrogen, and it seemed 
worth while, as a preliminary measure, to repeat these experi- 
ments under carefully controlled conditions and determine 
how quickly nitrogen equilibrium could be established on a potato 
diet with a nitrogen intake under 5 gm. per day. The subject 
was a healthy young woman weighing 50 kilos and doing the 
laboratory work connected with this problem in addition to 
routine school duties. The experiment extended over 10 days, 
during which the diet was as follows: 





Daily food intake. 





Sugar. Fi\n Agar-agar. 





gm. gm. gm. gm. 
I 1,365 56 18 1,870 10 
II 1,500 57 41 2,038 10 
Ill ‘ 1,500 57 61 2,120 10 























The butter was heated, allowed to sediment, and decanted, 
strained through cheese-cloth, allowed to settle again, and de- 
canted into glass jars. Analysis showed 0.0086 per cent of nitro- 
gen. The potatoes were sampled daily, and an aliquot of the 
combined sample was taken for analysis, which showed 0.3309 
per cent of nitrogen. The agar-agar was soaked and thoroughly 
washed, then taken in two portions daily, dissolved in hot water 
to which was added the sugar and a few drops of lemon juice. 
Urine and feces were collected daily, the urine was analyzed in 
periods of 24 hours, the feces were dried and analyzed in three 
periods. The results are tabulated below. 
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Food nitrogen. | Urinary nitrogen.| Fecal nitrogen. | Nitrogen balance 





gm. : gm. gm. 


4. 0.95 —0.81 
4. 


; 0.95 —1.69 
4.52 . 0.95 —1.67 - 
4.52 0.95 +0.47 
4.52 .95 +0.05 
4.97 —0.18 
4.97 +0.51 
4.97 +0.74 
4.97 —0.21 
4.97 —0.05 
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It is evident that nitrogen equilibrium was established by the 
4th day and maintained throughout the remainder of the experi- 
ment with a total daily intake averaging 4.8 gm. (0.096 gm. per 
kilo), all of which was supplied by potato except 0.0047 gm. 
(0.1 per cent). The total available nitrogen was 3.4 gm. per 
day, or 0.068 gm. per kilo. The high fecal nitrogen of the last 
period seemed due to the shortness of the period and the diffi- 
culties of perfect separation at the close of the experiment. There 
were no digestive disturbances apparent. The subject did not 
tire of the potato diet, and said she never felt better than at the 
end of this experiment. 

In Thomas’s experiments, nitrogen equilibrium was nearly 
maintained with 0.08 to 0.09 gm. of nitrogen per kilo, and in his 
best experiment fully maintained on 0.057 gm. per kilo; in Hind- 
hede’s work, with 0.038 to 0.08 gm. (average 0.056) per kilo. It 
is evident that the potato will support the maintenance metabo- 
lism of the adult when from 0.05 to 0.075 gm. of nitrogen per 
kilo of body weight is provided. 


SUMMARY. 


On a diet adequate in total fuel, consisting of potatoes and 
clarified butter, in which the potatoes supplied all but 0.1 per 
cent of the total nitrogen, nitrogen balance was maintained for 
7 days on a total nitrogen intake of 0.096 gm. per kilo, equiv- 
alent to a net intake of 0.068 gm. per kilo. This is in harmony 
with other experiments in which nitrogen equilibrium has been 
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maintained on potato nitrogen when the net fvailable supply 
was from 0.04 to 0.08 gm. per kilo, and demo,;strates that the 
potato is a source of nitrogen compounds of hy:h nutritive effi- 
ciency in spite of the fact that only 63 per cent of the potato 
nitrogen is reported to be in the form of protein. Further inves- 
tigations on the value of potato nitrogen are in progress. 





THE ALLEGED NINHYDRIN REACTION WITH 
GLYCEROL, ETC. 


By VICTOR JOHN HARDING. 
(From the Biochemical Laboratory, McGill University, Montreal.) 


(Received for publication, April 20, 1917.) 


Harding and Warneford,' and Harding and MacLean,? have 
examined the reaction of ninhydrin (triketohydrindene hydrate) 
with amino-acids, ammonium salts, amines, and amides. They 
found that the ninhydrin reaction was given by amino-acids 
even in very dilute solutions, and by all ammonium salts, pro- 
vided the concentrations were sufficiently high. The reaction 
with amines was found to be dependent on the concentration of 
the amine and on its constitution, all bases of the type R.CHe.N He, 
and bases of the type R.CH(NH2)R where one radicle was nega- 
tive in character, giving positive results. Amides gave negative 
results. They attempted to build up a theory of the mechanism 
of the reaction which would explain why compounds so diverse 
as ammonium salts, amino-acids, and amines gave the same color- 
ing matter with ninhydrin. This coloring matter was proved 
by Ruhemann’ to be in the case of amino-acids the ammonium 
salt of diketohydrindylidene-diketohydrindamine. 


co Co 
Ci. C >C = N- CKD CH 
co C(ONH,) 


The similarity of the coloring matter obtained by the inter- 
action of ammonium salts and the classes of bases just mentioned, 
with ninhydrin, was established by means of its behavior in 
dilute solution. It showed (1) The same absorption band in the 
visible spectrum; (2) the same change from blue to reddish 


1 Harding, V. J., and Warneford, F. H. S., J. Biol. Chem., 1916, xxv, 319. 
2 Harding, V. J., and MacLean, R. M., J. Biol. Chem., 1916, xxv, 337. 
’ Ruhemann, 8., J. Chem. Soc., 1911, xcix, 1486. 
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purple when viewed in daylight and artificial light; and (3) the 
same resistance to oxidation by a current of air. 

The theories expressed in the two previous papers showed 
the possibility of the formation of this coloring matter or various 
salts of it from the three classes of nitrogenous compounds. 

Halle, Loewenstein, and Pribram,’ have stated that glycerol 
gives a ninhydrin reaction. As glycerol does not contain nitrogen 
it is evident that this statement, if true, opens up quite another 
reaction, which demands investigation. Other aldehydes, ke- 
tones, and alcohols, it is claimed, show a similar behavior. All 
these, however, give the reaction only when in high concentration. 

Our first attempts to produce the ‘glycerol color” resulted in 
failure, due, as was found later, to the glycerol containing too 
high a percentage of water. In subsequent attempts we were 
able to observe the formation of a bluish color, if the directions 
of Halle, Loewenstein, and Pribram were carefully followed. It 
was soon found, however, that different specimens of glycerol 
gave very varying amounts of color. A specimen of Schuchardt’s 
“erystallizable” glycerol gave only the faintest pink tinge when 
heated with ninhydrin. Another marked ‘‘anhydrous” gave 
quite a strong blue color. The color in this latter case was strong 
enough to give the three tests mentioned in the previous paper, 
and so was identified as a salt of diketohydrindylidene-diketo- 
hydrindamine. This compound, of course, could not arise from 
glycerol. Its source must have been some nitrogenous impurity. 

That the amount of nitrogenous impurity necessary to produce 
a deep blue color under these conditions is very small is evident 
from the following experiment. A test-tube was thoroughly 
rinsed with ammonia-free water and allowed to drain, 1 cc. of 
ammonium chloride solution containing 0.05 mg. ef nitrogen was 
next pipetted into the test-tube and then allowed to drain away. 
0.2 ce. of 1 per cent ninhydrin solution was then placed in the 
tube, 2.0 ec. of Schuchardt’s crystallizable glycerol, which pre- 
viously had only given the faintest reaction by itself, were added, 
and the mixture was boiled over a free flame for 30 seconds, 
thus duplicating the conditions given by Halle, Loewenstein, 
and Pribram. <A strong blue color developed, which was identi- 


* Halle, W., Loewenstein, E., and Pribram, E., Biochem. Z., 1913, lv, 
357. 
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fied by the usual tests as due to a solution of the ammonium salt 
of diketohydrindylidene-diketohydrindamine. 

The amount of ammonium chloride must under these condi- 
tions have been exceedingly small, and yet the coloration pro- 
duced was much stronger than that given by any glycerol speci- 
men which we have examined. Also it is to be noted that am- 
monium chloride under ordinary conditions gives no coloration 
with ninhydrin so that the coloration under these conditions is 
to be attributed to the high temperature and to the reducing 
action of the glycerol. This reducing action of the glycerol and 
the consequent increase in the formation of the coloring matter 
was first pointed out by Harding and Warneford. These authors 
also pointed out the reducing action of glycol, glucose, and p-oxy- 
benzaldehyde upon ninhydrin, and the subsequent increase in 
the ninhydrin reaction with ammonium salts. In consequence 
of these facts it cannot be concluded that substances of these 
types give of themselves a positive ninhydrin reaction. It is 
much more likely that the ninhydrin reaction can be used to 
detect nitrogenous impurities in these classes of substances, even 
when present in amounts too small to be detected by ordinary 
reagents. 

It is to be noted that the “glycerol color’ as claimed by Halle, 
Loewenstein, and Pribram is intensified by alkali, and that it is 
not produced in the cold on standing in a desiccator, or on heat- 
ing in a vacuum of 3 mm., the two latter conditions, in their 
opinion, showing the necessity of oxygen in the formation of the 
color. In contradistinction, the ninhydrin reaction with amino- 
acids is unaffected by alkali, and being produced in absence of 
air is held to be formed without the aid of oxygen. 

A critical examination of the experimental conditions used by 
these authors, in the light of the investigations in these labora- 
tories, shows that such conclusions are by no means permissible. 
In fact the results are decidedly in harmony with the ideas ex- 
pressed in our previous papers on this subject. In all the experi- 
ments of Halle, Loewenstein, and Pribram the glycerol or the 
amino-acid was in excess of the ninhydrin. This would inevi- 
tably lead to the reduction of the greater part of the triketone 
to diketohydrindol or to hydrindantin. In the case of ‘glycerol 
the small amount of reactive nitrogenous impurity would pro- 
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duce a small amount of diketoketohydrindylidene-diketohydrin- 
damine (as a salt) leaving the excess of hydrindantin or diketo- 
hydrindene to give a blue chromo salt with alkali. The nitro- 
genous impurity (most likely an ammonium salt, having regard 
to the method of manufacture an,1 purification of glycerol) 
would only react at a high temperjture when assisted by the 
reducing action of the glycerol, as it‘ amount must be far below 
the limits of the reactivity of ammoipum salts or amines studied 
by Harding and Warneford and Harding and MacLean. 

By heating the glycerol in a vacgum of 3 mm. it is highly 
probable that the boiling point of the #lycerol would be so lowered 
as to be below the decomposition poin of the nitrogenous impurity, 
and so the reaction would fail to sh« thy in so delicate a form. 

On the other hand, the reaction yith amino-acids could take 
place under all these conditions; ths dissociation into ammonia 
and glyoxal being supposed to take; place at ordinary tempera- 
tures, and the amino-acid being n¢-excess of the ninhydrin, a 
blue color would be produced, unagy:cted by alkali. Thus it is 
difficult to see in the ninhydrin regyjion with glycerol any new 
class of reaction. zt 


*, 
SUMMAR?",: 
he 


It is believed that the glycerol Betor given by ninhydrin and 
glycerol, as claimed by Halle, Loeysstein, and Pribram, is due 
to the presence of nitrogenous impufy ies in the glycerol. 


Since writing the foregoing a paper ¢% appeared criticizing the views 
4 going a pay PE £ 
of the author on the mechanism of the 18M ydrin reaction in general.’ It 


may be pointed out, however, that the'g@loring matter produced in the 
ninhydrin reaction with amino-acids w 4‘ proved to be a salt of diketo- 
hydrindylidene-diketohydrindamine pd-auhemann by actual isolation 
and analysis of the compound. Reting@s view that the coloring matter 
consists of salts of hydrindantin cannegbe admitted in its entirety as 


salts of this substance show no absorp, ,»n in the visible spectrum. 


5 Retinger, J. M., J. Am. Chem. Sor g 1917, xXxxix, 1059. 
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INTRODUCTION, 


When determined accurately by a method such as that of 
Keyes (1909) the ratio of the gases CO. and He liberated in the 
anaerobic fermentation of dextrose by bacteria of the coli-aero- 
genes family has proved te be an excellent basis for the differen- 


tiation of these organisms. The ratio for about 660 cultures 
has now been carefully determined in this laboratory. In their 
study of cultures isolated from milk and milk products, Rogers, 
Clark, and Davis (1914) found that approximately half gave a 
low gas ratio. On media more appropriate than that used in 


pte — . . COs a ; 
this first investigation the ratio is —- = 1.06, which is identical 


He 
with that found by Keyes and Gillespie (1912) in their study of 
B. coli in “synthetic”? media. The other organisms from milk 
gave decidedly higher and more variable ratios. Taking up a 
search for possible sources of these two groups which were found 
in milk, Rogers, Clark, and Evans (1914) found that of 150 
cultures isolated from bovine feces all but one were of the low 
ratio type. These authors (1915) then reported that of 166 cul- 
tures isolated from grain 150 were of the high ratio type. Re- 
cently (Rogers, Clark, and Lubs, 1916) it has been found that 
special methods can reveal the presence of the high ratio type in 
human feces and presumably in bovine feces, but that the pre- 
dominating organisms of the coli-aerogenes family which are 


* Published with the permission of the Secretary of Agriculture. 
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found in human feces as well as in bovine feces are of the low 
ratio type. 

The significance of these observations made it imperative that 
some test should be found which would correlate so well with 
the gas ratios that it could be used in routine investigations in 
place of the laborious and time-consuming gas analyses. Such 
a test was worked out by Clark and Lubs and published in a 
previous paper (1915). We have now to report some improve- 
ments in this and the Voges-Proskauer tests. 

For the sake of brevity and convenience and without commit- 
ting ourselves to the classification, we shall call those organisms 
which furnish the low gas ratio B. colt and those which furnish 
a high gas ratio B. aerogenes. In the latter group there are 
doubtless included several species such as B. cloace. 


The Principle of the Methyl Red Test. 


This test is based upon the difference in the acid production 
of the two groups of the colon-aerogenes family. 

A coli culture if furnished sufficient dextrose will continue to 
elaborate acid until a limiting zone of hydrogen ion concentra- 
tion is reached (Michaelis and Marcora, 1912; Clark, 1915). 
Into this zone certain cultures of the aerogenes type may pene- 
trate if all the conditions are properly set, but to do so an aero- 
genes culture must be provided with much more dextrose than 
is required by a coli culture. An aerogenes culture may easily 
be prevented from reaching the relatively high hydrogen ion 
concentration attained by B. coli if its dextrose ration is limited 
and properly adjusted to the acid-neutralizing power of the 
medium or to what is technically known as the ‘buffer action.” 
When such an adjustment is proj erly made, coli cultures will 
find sufficient sugar to attain a high {und more or less characteristic 
hydrogen ion concentration near} pH = 5.0, while aeregenes 
cultures will be forced to leave the $iedium less acid. 

The difference in the hydrogen §mn concentrations may then 
be easily detected with a proper irfMicator. Since in the special 
medium adopted coli cultures appe® red and aerogenes cultures 
yellow on the addition of methyl %d, the test has come to be 
known as “the methyl red test.” Any other indicator with a 
pH range similar to, that of methyl ‘d may be used. 

oe 
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The differences in hydrogen ion concentration may be intensified 
by taking advantage of another phenomenon. When either a 
coli or an aercgenes organism has brought its medium to a hydro- 
gen ion concentration in the neighborhood of pH = 5.0, there 
is a tendency for the reaction to stick there. If, on the other 
hand, this lethal zone has not been reached, the medium may 
undergo a reversion of reaction toward alkalinity. Now with a 
medium properly adjusted in the relation of dextrose content 
to buffer action, a coli culture can be brought to the lethal zone 
while a high ratio culture is left at a hydrogen ion concentration 
favorable to the reversion of reaction. Consequently as time 
goes on the hydrogen ion concentrations in the two cases become 
further apart. 

A medium which was found suitable for this differential test 
is composed of 0.5 per cent dextrose, 0.5 per cent Ke,HPO,, and 
0.5 per cent Witte peptone (Clark and Lubs, 1915). 


The Revision of the Medium. 


Because of the present scarcity of Witte peptone numerous 
investigators have inquired regarding the substitution of other 
peptone preparations in the medium used in the differential test. 

We have made but one set of experiments in which an Ameri- 
can peptone preparation was substituted for Witte’s. In these 
experiments we noted a few anomalies which were immediately 
traced to the unique buffer action of the ‘‘peptone” used. Titra- 
tion curves of some other “peptones’”’ were then made and it 
was seen that the indiscriminate substitution of these would 
inevitably lead to uncertain results. There is no apparent 
reason why any one of the peptenes which we have studied can- 
not be used in the medium for the methyl red test provided the 
composition of the medium is properly readjusted; but rather 
than cover this ground again with only new peptone preparations 
as variations we determined to construct a suitable medium 
from well defined crystalline compounds. 

So far as the provision of a utilizable source of nitrogen is 
concerned, there is no difficulty in replacing Witte peptone, 
since the organisms with which we are now concerned are not 
fastidious. The Witte peptone, however, takes part in the buffer 





Sa Sas Porter ies 


212 Coli-Aerogenes Bacteria 


action, the adjustment of which to the dextrose content is abso- 
lutely essential to the success of the test. Were the medium 
left with the bufter action of the phosphate alone there would 
remain a weak buffer action between pH = 6 and pH = 5. 
This zone is the critical one and if left unbuffered will lead to 
uncertainties in the test. It is, therefore, necessary that the 
Witte peptone be replaced not only by a proper source of nitrogen 
but by a proper buffer. 

Since phthalate buffer mixtures (Clark and Lubs, 1916) over- 
lap the pH zone covered by phosphate mixtures and are active 
in the zone pH = 6 to pH = 5, it was decided to provide the 
desired buffer action by adding to the medium acid potassium 
phthalate. 

Instead of the K,HPO, used in the original medium the sodium 
salt was chosen because it may be obtained in crystalline form. 

Aspartie acid was selected as the source of nitrogen because 
it is less easily decomposed during sterilization than the more 
frequently .used asparagine. It is easily recrystallized and read- 
ily utilized, and it ferms colored complexes with dextrose less 
readily than ammonium salts. 

These three substances, aspartic acid, di-sodium hydrogen 
phosphate, and acid potassium phthalate must be adjusted in 
their relative concentrations so that a proper initial hydrogen 
ion concentration may be obtained. It was decided to give the 
medium an initial neutral reaction not because this is necessary 
for good growth but because it is considered appropriate to sterilize 
the medium at a nearly neutral reaction. At more alkaline reac- 
tions there are formed colored complexes between the sugar and 
the nitrogenous body. Inspection of the curve for phosphate 
buffer mixtures shows that a mixture of seven molecular parts of 
the basic phosphate with three molecular parts of the acid con- 
stituents will give a pH value not very far from the neutral 
point. A rough calculation indicated that if the medium were 
given the percentage composition 0.7 per cent NasHPO, (anhy- 
drous), 0.2 per cent KH phthalate, 0.1 per cent aspartic acid, it 
would be approximately neutral and such it was found to be. 
A 0.4 per cent dextrose content was determined upon after some 
preliminary empirical tests with organisms of both groups. 
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The “‘titration curve” of this medium is shown in Fig. 1. In 
this figure the quantities ef 0.1 N lactic acid added to 100 ce. 
portions of the medium are plotted as abscisse and the corre- 
sponding pH values as ordinates. In the same figure is shown 
the titration curve of the old medium. It will be noted that the 
new medium is more heavily buffered in the region pH = 5 to 
pH = 6 than is the old medium. At first this seemed unneces- 
sary and we have sought to modify it and at the same time keep 
the proper proportions of acid and basic constituents so that 
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Fig. 1. Titration curves of old and new media for the methy] red test. 


the initial neutral reaction may be retained. These experiments 
have revealed some indications that the aspartic acid content 
cannot be varied at will without injecting some complicating 
phenomena connected with the attack upon this substance and 
we have, therefore, fallen back upon the medium as it was first 
designed. 

Sinee this medium is the one we have used in an extensive 
series of tests and which we recommend for trial by others, the 
preparation of its constituents will be described. 





Coli-Aerogenes Bacteria 


AS 0s hs bee 
Oat ete 


Preparation of Material. 


PTB she 


Di-Sodium Hydrogen Phosphate (Na,HPO,).—This crystallizes from its 
aqueous solutions at room temperaure with twelve molecules of water 
of crystallization. This water of crystallization weighs more than the 
anhydrous salt itself, a fact which may be emphasized because in describ- 
ing the use of this salt bacteriologists frequently have failed to specify the 
form in which it is to be used. The crystals containing twelve molecules 
of water of crystallization effloresce easily, although according to Fara- 
day (1839) similar crystals may be kept intact indefinitely if not injured. 
Ordinarily a more stable form is desirable for weighing. In our own work, 
we used the anhydrous salt obtained by heating the crystals for a day at 
110° in vacuo over H.SO, (Schmiedeberg desiccator). Since the anhydrous 
salt absorbs moisture with great avidity it is preserved in small sealed 
bottles. Sérensen (1909) has described a stable form of the salt containing 
two molecules of water of crystallization. To prepare this take some of 
the pure material which has been recrystallized two or three times, grind 
it, and spread it in thin layers between filter paper. Expose this to a clean 
atmosphere for about 2 weeks, when the salt will have lost all but two 
molecules of water of crystallization. 

The molecular weights of the three formy ure: 


NadiPO.Ign.............. oe, AS ——. oF 
NasHPO,.2H,0 ‘e ¢. . 178.08 


Peeeeek Ug (GTRYVOTOUB) .... 2... .. ween ees s aes we 4 ase lo 6: 


To obtain a 0.7 per cent solution of Nasl$O, (anhydrous) use 0.88 per 
cent Na,HPO,.2H,0. . 

Acid Potassium Phthalate.—This may hg prepated by the method of 
Dodge (1915) modified as follows. Make « @otassium hydroxide solution 
by dissolving about 60 gm. of a high grade s pp in about 400 ce. of water. 
To this add 50 gm. of the resublimed anh, flride of ortho-phthalic acid. 
If a diluted portion of this solution is still ; @aline to phenolphthalein add 
more phthalic anhydride; if acid add morn’ #lkali. When the solution is 
thus roughly adjusted add as much more 1g halic anhydride as the solu- 
tion contains and heat till all is dissolved. “%ilter while hot and allow the 
crystallization to take place slowly. The «yfstals should be drained with 

Feo distilled water. Dry at 
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suction and recrystallized at least twice: 
110-115°C. to constant weight. The salt g an invaluable substance for 
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! The phthalic anhydride which we have :ently found on the market is 
very impure. At least five recrystallizaggms of the phthalate were 
necessary to insure a usable product +, 

In ordinary times the materials used in Zur medium may be obtained 
cheaply and in high purity but for the p*4sent and until our chemical 
industries become stable it is essential tha; Soacteriologists examine most 
carefully every chemical used in their stud 4. 
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the standardization of alkali solutions (Dodge, 1915) and it is therefore 
profitable to prepare quantities of it with great care. Phthalic acid may 
be recovered from the mother liquors by acidifying them with HCl. 
Aspartic Acid. 
COOH 
| 


CH, 


| 
CHNH, 
| 


COOH 


The levo form is the isomer generally encountered. It may be recrys- 
tallized from distilled water. Its preparation from /-asparagine may be 
carried out according to the method of Schiff (1884). To 500 ec. of dis- 
tilled water add one mol. of asparagine (150 gm.) and two mols. of 
HCl (166 ce. of 37 per cent hydrochloric acid solution). Heat the mix- 
ture in a flask with a reflux condenser over a hot plate or gentle flame for 
3hours. Then add one mol. of NH; (68 cc. of ammonia water of specific 
gravity 0.90). Filter the crystals with suction, wash with ice cold water, 
and recrystallize from distilled water. There is doubtless formed during 
the heating of the l-asparagine with HCI some d-aspartic acid, but material 
prepared in this manner is suitable for the medium under discussion. 

Dextrose.—In our own work we have used a sample of dextrose kindly 
prepared for us by Dr. Hudson of the Bureau of Chemistry. This sample 
had been recrystallized from acetic acid. The method is given in detail 
in a recent paper by Hudson and Dale (1917). 

Methyl Red Solution.—Dissolve 0.1 gm. of methyl red (ortho-carboxy- 
benzene-azo-dimethyl-aniline) in 300 ce. of redistilled aleohol and dilute 
to 500 cc. with distilled water. 

Certain samples of methyl red which have come within our knowledge 
have been grossly impure. If such a sample be encountered it should 
either be discarded or recrystallized from benzene. 

Materials less carefully purified than those described are doubtless 
permissible. Indeed the medium could not be recommended unless a 
reasonable degree of tolerance in the purity of the materials were permis- 
sible; but it is hardly worth while describing a medium of this nature 
unless it is well defined and is reproduced by others with a reasonable 
degree of exactness. At the present state of affairs revealed in recent dis- 
cussions by various local sections of the American Chemical Society no 
reliance is to be placed upon the analyses of chemicals stated on the labels 
by several manufacturers. Consequently no reliance can be placed upon 
any cultural tests unless there is given some indication of the purity of 
the chemicals used. 

It is of course well recognized that a substance prepared by a few re- 
crystallizations of commercial material with the use of ordinary glassware 
and under ordinary conditions is not strictly speaking perfectly pure. 
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The materials which we have used in the preparation of our medium may 
therefore have contained elements other than C, H, O, N, P, Na, and K. 
However, it is hardly to be expected that other elements or other com- 
pounds were present in sufficient concentration to play a decisive réle in 
the vigorous growths observed. It is true that in most cases inoculations 
were made from agar slopes containing, beside the impurities of the agar, 
some Liebig’s extract of beef. There was thus transferred an appreciable 
quantity of the material of the agar medium. But we have made daily 
transfers from one tube of the synthetic medium to another by means of 
a clean platinum needle and observed no diminution in the growth or vigor 
of fermentation by the four strains so studied. 


Procedure. 


For 1 liter of the medium dissolve in about 800 cc. of hot dis- 
tilled water 7 gm. of NagHPO, (anhydrous) or 8.8 gm. of NagHPO, 
.2H.0, 2 gm. of KH phthalate, 1 gm. of aspartic acid, and 4 gm. 
of dextrose. When the materials are completely dissolved cool 
the solution to 20°C. and make it up to 1,000 ec. with distilled 
water. 

Apportion the medium in approximately 10 cc. portions in 
dry-sterilized glass test-tubes and sterilize in an autoclave for 
15 minutes after the steam pressure has reached 15 pounds. 
Inoculate from pure cultures and incubate at 30°C. for 3 to 5 
days. 

Levine (1916, a) has suggested an incubation temperature of 
37°. This we have avoided in our own work because several of 
the cultures in our collection will not grow well at the higher 
temperature. 

Most of the tests we have made were with cultures incubated 
for 5 days. Experiments with about half the cultures indicated 
that a 3 day period is sufficient, but the reliability of this shorter 
period remains to be determined by more extensive experiments. 

For making the test with methyl red in a gross way, it is only 
necessary to add five drops of a 0.02 per cent solution of the 
indicator. With methyl red the coli cultures will appear red 
and the aerogenes cultures yellow. It is preferable for careful 
work to measure the pH values with methyl red and bromocresol 
purple, using standard solutions and the procedure we have 
described elsewhere (Clark and Lubs, 1917). It is also well to 
save a portion of each culture for the Voges-Proskauer reaction. 
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The Voges-Proskauer Reaction. 

By the work of Harden (1899, 1901, 1905, 1906), Harden and Walpole 
(1906), and Thompson (1911) there was established in a limited number of 
cases a correlation between the Voges-Proskauer reaction and the gas 
ratios. Recently Levine (1916) in studying his extensive collection of 
coli-aerogenes cultures discovered an almost perfect correlation between 
the differentiations made with the Voges-Proskauer reaction and those 
made with our indicator test. By means of this correlation Levine was 
able to show that some of the conclusions regarding the distribution of 
bacteria of the colon and aerogenes types which had been reached in older 
studies with Voges and Proskauer’s reaction were confirmed by the more 
careful work of Rogers and his collaborators. 


It may be of interest to note that Rogers, Clark, and Davis 
(1914) planned to include the Voges-Proskauer test in their 
study but rejected it with the statement that “the reaction 
should be studied until the test can be made accurately and under 
exact conditions.” It is now found that the notes of this earlier 
work contain records of a few tests and that there is a very good 
agreement between these tests and the gas ratios of the organisms 
studied. This correlation was overlooked before the publication 
of Levine’s work, because in our hands the test for the Voges- 
Proskauer reaction was very unsatisfactory and was rejected 
pending some investigations started by Dr. Walters but left 
unfinished by his transfer to another bureau of this department. 

It has now occurred to us that the Voges-Proskauer reaction 
may be made more satisfactory if the test is carried out in the 
colorless synthetic medium described in this article. 

According to Harden (1906): 


“Voges and Proskauer’sreaction . . . appears to be due to acetyl- 
methylearbinol, which is formed by the action of the bacteria on the glu- 
cose of the medium. In the presence of potash and air this is oxidized to 
diacetyl, which then reacts with some constituent of the peptone water.”’ 


Since the revised medium we have described contains no pep- 
tone or any protein body except such as may be formed by the 
synthetic action of the bacteria, it is necessary to supply some 
such substance at the time the test is made. Harden and Norris 
(1911) have shown that various proteins and peptones react 
with diacetyl in the presence of alkali to give the eosin-like 
fluorescent color characteristic of the Voges-Proskauer reaction. 
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Since casein can easily be obtained in a high state of purity and 
reacts with diacetyl] it is a suitable reagent for the present. purpose. 
We have accordingly made the test in the following manner. 


To 5 ce. of a culture is added about 1 cc. of a fresh 0.2 per cent solution 
of sodium caseinate made by dissolving casein (Hammarsten preparation) 
in dilute NaOH. This is followed by 10 cc. of 10 per cent NaOH solution. 
Generally within an hour or two a pink layer develops near the meniscus 
and gradually spreads downward. If the fading of the color does not over- 
take its development, the tube within 24 hours will become suffused with 
a brilliant fluorescent color. The color may be intensified in some cases 
and destroyed in others by the use of oxidizing reagents. 


In our past experience the Voges-Proskauer test has been very 
unsatisfactory; but when conducted in the manner just described 
it is generally very brilliant. There are, however, cases in which 
the test leaves much to be desired. 

There is some evidence that the production of acety! methyl 
carbinol is the result of secondary reactions, perhaps synthetic 
to some extent (Harden and Norris, 1912). If so its production 
may not be intimately connected with the main course of the 
fermentation and the quantity produced in any given case 
may not be comparable with the quantity of the main products. 
Harden and Norris (1911) found that the yield of the associated 
glycol was decidedly less in their cultures than in cultures pre- 
viously studied by Harden and Walpole (1906). With the com- 
paratively crude colorimetric test we have found but very slight 
indications of a positive Voges-Proskauer reaction in certain 
aerogenes cultures in which an otherwise vigorous fermentation 
had taken place. 


The Organisms Tested. 


There were available for the tests 245 cultures whose gas pro- 
duction had been carefully studied by the methods described by 
Rogers, Clark, and Davis, and Rogers, Clark, and Evans. Table 
I will show the sources and distribution by gas ratios of the or- 
ganisms studied. 

By ‘‘typical low gas ratio cultures’? we mean those which when 
grown zn vacuo upon 10 ec. of a medium consisting of 1 per cent 
Witte peptone, 1 per cent dextrose, and 0.5 per gent Ke_HPO, 
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have given a gas ratio approximately a = 1.06. In some 
2 

instances the ratio has deviated from this average value but 

never has approached the high values given by what we call 

collectively the aerogenes cultures. The gas volumes have been 

generally about 9 to 15 cc., but are subject to greater variation 

than the gas ratio. 

In the group of typical high ratio cultures are included all those 
organisms which give a gas ratio higher than 1.70 and a gas 
volume, under the conditions mentioned, higher than 20 ee. 

Thus divided, the ‘typical’ cultures fall into two very distinct 
groups. The “atypical” cultures will be treated in a section by 
themselves. 





TABLE I. 
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| Total No. 
| of cultures 
| 


Typical 
high gas | Atypical 

ratio cultures. 
cultures. | 


Typical low) 
gas ratio | 
cultures 


Source. 








Milk and cheese. . 
Bovine feces... 
Human feces 
Grains.... 


Cre bo 
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— bo 


American Museum 


| 





Totals...... 245 


- 
2) 
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The Results with “ Typical” Cultures. 


The 164 cultures which were thus classified definitely as low 
ratio cultures by the gas analysis were all positive to the methyl 
red test with the new medium. All gave a negative Voges- 
Proskauer test. 

The 65 cultures which were classified as typical high ratio 
cultures by the gas analysis were all negative to methyl red with 
the new medium. All gave a positive Voges-Proskauer test. 

If we include those cultures which were definitely classified by 
gas analysis and tested in the old medium but not in the new, 
we now have a total of 374 cases in which there has been a perfect 
correlation between the gas ratios and the methy] red tests. 

The correlations between gas ratios, methyl red tests, and 
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Voges-Proskauer reactions among the cultures definitely classi- 
fied by gas analysis we have just recorded as perfect, but it must 
be admitted that, if the Voges-Proskauer tests had not been made 
in a way which excluded the expectancy of a positive test in any 
instance, the recording of a positive reaction would in a few in- 
stances have been perilously close to an act of imagination. We 
were careful to begin observations after 1 hour and then at various 
periods until 24 hours had elapsed. In this way we sometimes 
noted a very faint positive reaction which had not appeared at 
first and which later faded out. Very likely we have not been 
using the most favorable procedure, but the very intense color 
which develops in most cases leads us to believe that in other 
instances the cultures produce very small quantities of the sub- 
stance responsible for the color. If soe, this qualitative test, like 
many another qualitative test, must be considered as more or less 
unsatisfactory until its quantitative aspects have become more 
thoroughly known or until the conditions for the formation of 
acetyl methyl carbinol have been more exactly defined. 


pH Values Observed. 


In an extensive series of tests which have been made with the 
medium described in our first paper it was found that the pH 
values obtained with coli cultures lie almost universally in the 
region pH = 4.8 — 5.2. With the new medium it is found that 
these same cultures seldom reach an acidity as high as pH = 5.0 
and that the values lie between pH = 5.0 and 5.3. 

We meet here a phenomenon noted by one of us (Clark, 
1915) in an earlier paper. In extending the work of Michaelis and 
Marcora (1912) to cover a greater variety of coli cultures and a 
greater variety of media it was found thai coli cultures did not 
attain any one final hydrogen ion concentration. Instead the 
final hydrogen ion concentrations were found to lie in a compara- 
tively narrow zone, although in any one medium the final hydro- 
gen ion concentrations are generally grouped about ‘one sharp 
point. Whether the cultures in different media attained a higher 
or lower point in this zone was found to be, to a greater or lesser 
extent, a function of the total buffer action of the media. The 
greater the total buffer action, and consequently the more exten- 
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sive and prolonged the fermentation, the higher was the final 
pH value. 

As emphasized in a former paper (Clark, 1915) this relationship 
is only rough and for various reasons of which we catch glimpses 
as investigations proceed it cannot be expected to be rigid. Our 
contention from the first has been that the acid fermentation 
ceases within a comparatively narrow zone of hydrogen ion con- 
centration and not at some particular point in all media. 

If Michaelis and Marcora (1912) intended it to be understood 
that a sharp point is characteristic, we cannot agree. This we 
believe was not their intention. The essential practical aspect 
is that the limiting of the fermentation is a function of the hydro- 
gen ion concentration and not a direct function of what is known 
as the titratable acidity. If this is so, there certainly is a “‘ physio- 
logical constant”’ involved, although it would be superficial indeed 
to seek for this by a mere observation of the final pH values and 
without consideration of time and other factors. 

Cole and Onslow (1916) have asserted that they find values 
quite at variance with those found by Michaelis and Marcora and 
by us but they have not given any data to reveal either the 
reason or the significance of their observations. 


Atypical Cultures. 


In our first paper on the methyl red test we recorded some 
experiments with atypical cultures. By atypical cultures in this 
instance are meant those which cannot be definitely classified by 
the gas analyses because their gas ratios, gas volumes, or both are 
far from the values typical of our low and high ratio groups. In 
this newer work we have encountered several such organisms, 
thirteen of them among water cultures isolated by Mr. Rogers 
(Table I). 

For purposes of comparison let us first quote the average 
values of the gas analyses previously published. 

Total gas. Ratio. 
ce. CO::He. 


Average of low ratio cultures (feces series).... 14.09 1.06 
_ “high “ - (gvain ~ .... DD 2.36 


The “atypical” organisms are tabulated in Tables II to IV 
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TABLE II. 
Atypical Cultures with Abnormally Low Gas Volunes and Atypical Ratios. 





Source. 


Designa- 


tion. 


Gas 
volume. 


Gas rutio 
COs:: He. 


Indicator 
test pH. 


Voges- 
Proskauer 
reaction. 
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TABLE III. 
Atypical Cultures with Typical High Gas Ratio but Abnormally Low Gas 
Volume. 





Voges- 
Proskauer 
reaction. 


| 
| 
j 
} 


Designa- | Gas Gas ratio | Indicator 
tion. volume. CO:z: He. | test pH. 





American Museum 22o0f 
Water OEE oe 








j 
| 
2.90 | 





TABLE IV. 
Atypical Cultures with Intermediate. Ratios and Abnormally Low Gas 
Volume for High Ratio. 





Designa- Gas Gas ratio. | Indicator | m.. ..d 
tion. volume. CO:: Ho. | test pH. | F 


reaction. 


Source 





ce, 
AT 
42 
.38 
42 
31 
32 
27 


45 


American Museum......| 22oh 16. 
W2c 15.6 
W9a 14.5 
W9b 14. 
W9e 15.6 
W9d 11. 
W9e 18. 
W9i 13.7 
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Inspection of Tables II to IV will show some interesting data 
upon which it might be permissible to speculate; but our brief 
study of these organisms which we have called ‘atypical’ has 
led us to believe that a more intensive study of a larger collection 
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of similar organisms will be necessary before a discussion is of 
much value. 

Here we may again note the fact that when the gas ratio and 
gas volume are normal the methyl red test, the Voges-Proskauer 
reaction, and the gas ratio all correlate perfectly, but that when 
a perfectly clear-cut correlation fails there is generally found 
some abnormality in gas production. Since this is so clearly the 
case it is obvious that careful gas analysis remains the key to the 
situation. 

It will be noticed especially in Table IV that several of the 
“atypical cultures” give in the new medium for the methyl red 
test pH values which are intermediate between those characteristic 
of the typical high and typical low ratio cultures. If there 
sometimes occur intermediate pH values which give neither a 
distinct red nor a distinct vellow color with methyl red, the 
question arises as to how frequently they will be encountered, 
for instance in water analyses, and thereby produce confusion in 
routine work. To throw some light upon this we tested an addi- 
tional 112 gultures which had been isolated from water by Mr. 
Rogers. In these tests we encountered only one intermediate 
pH value with the new medium. 

Among the intermediate pH values shown in Table IV, six 
were obtained with organisms isolated from the same spring. 

The gas production of the 112 water cultures mentioned above 
have not been studied, and consequently their classification by 
the gas ratios is unknown; but arguing from past experience, the 
very clean-cut differentiation which is obtained by the methyl 
red test in every typical case and in all but one of these cases, 
the very good correlation between methyl red and Voges-Pros- 
kauer differentiations in typical cases, and the almost perfect 
correlation in these cases, the presumption is that all but one of 
these 112 water cultures can be definitely classified by the methyl 
red test. 

Whether or not ‘‘atypical’”’ strains will frequently be encoun- 
tered in other collections remains to be seen. Whether in larger 
collections there will appear organisms similar to those of Table 
IV and having such uniform and such distinct qualities that they 
may be classified in a new group remains to be determined by 
future studies in which gas analysis may profitably be considered 
to be fundamental. 
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The Reversion of Reaction. 


As pointed out in our former paper either a coli or an aerogenes 
culture if not brought into the lethal zone of hydrogen ion con- 
centration near pH = 5 will, with the exhaustion of the sugar, 
continue its action upon the medium and progressively lower its 
hydrogen ion concentration (increase pH). By taking advantage 
of this the aerogenes cultures can be made to differ very widely 
from the coli cultures in the final reaction. 

We have specifically stated (Clark and Lubs, 1915) that this re- 
version should not be attributed tothe production of ammonia. It is 
perfectly true that under certain conditions the reversion is accom- 
panied by an increase in ammonia but the amount of this is not 
sufficient to account for the degree of the reversion. Kligler (1916) 
has evidently overlooked our statement for he has proceeded on 
the assumption that the reversion is due to an attack upon the 
peptone (of the old medium), and he has led us to believe that 
he would ascribe the reversion to the liberation of ammonia. It 
may be shown in a very simple way that this view of the situation 
is entirely inadequate. . 

If we substitute (NH) H.PO, for the aspartic acid in the medium 
described in this paper the organisms will have to derive their 
nitrogen supply originally from an ammonium salt alone. Later 
they may liberate ammonia from the hydrolytic products of their 
own proteins. We can, however, lower the content of total 
nitrogen to a point where its participation in any form in changes 
of the reaction of the medium will become insignificant and re- 
lieve the experimental determinations of ammonia frem any 
criticism based on possible errors of analysis. It can then be 
shown that an extensive reversion of reaction can take place 
without any significant participation of ammonia. 

In the medium, which we shall describe below, the addition of 
0.062 per cent (NH,) H.PO, furnishes nitrogen, after the medium 
is sterilized, in a concentration of approximately m/200. Let 
us imagine that all this nitrogen becomes bound during that 
phase of the fermentation in which the acidity is increasing and 
that it is bound in such a way that it cannot dissociate and affect 
the reaction of the medium. Then let us assume that all this 
nitrogen is liberated as the alkali NH,OH and that in this process 
there is left no acidic substance with which the alkali can pair off 
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such as would be set free by the deaminization of an amino-acid 
or an acid amide. This would be practically equivalent to the 
addition of ammonia until its concentration reaches m/200. If 
this quantity of ammonia were added to a solution composed 
of 0.88 per cent NasHPO,.2H,O, 0.2 per cent KH phthalate, 
0.062 per cent (NH4) H2PO,, and 0.4 per cent dextrose, the com- 
position of which is very similar to the medium whose titration 
curve is shown in Fig. 1, it could only lower the reaction from 
pH = 6.0 to about pH = 6.3, as shown by the titration curve. 
This calculation indicates quite closely the reversion which would 
be expected from the impossibly extreme assumptions made 
above. There may be some suspicion that the buffer effect of 
the fermented medium may be somewhat less than that shown 
by the titration curve of the unfermented medium, so we shall 
raise the phosphate from 0.88 per cent to 1.0 per cent to ‘‘make 
assurance doubly sure,” and still treat our experiments as if the 
buffer action were that of the weaker solution. 

Now what was actually found to take place was this. An aero- 
genes culture, aj, in 1.0 per cent ,NasHPO,.2H,O, 0.2 per cent 
KH phthalate, 0.062 per cent (NH,) H:PO,, and 0.4 per cent 
dextrose brought this medium from its original reaction of pH= 
7.1 to pH=6.0 in 48 hours and bound approximately one-half the 
ammonia. In 18 days the reaction had reverted to pH=6.6, 
which is double that which could be accounted for on the as- 
sumptions stated above. At the same time there appeared to 
be a nitrogen equilibrium for there was no increase in ammonia 
detected by the Folin method. 

To attribute the reversion of reaction to the liberation of 
ammonia is, therefore, impossible in this case. In the aspartate 
medium an increase in ammonia may accompany the reversion 
of reaction but the amount liberated is found to be inadequate 
to account for the extent of the reversion. 

From the work of Ayers and Rupp (1915) and such data as 
we have presented it appears probable that the reversion of 
reaction is due in large measure to the destruction of organic 
acids which without doubt is taking place while they are being 
produced. The cessation of a rapid acid production permits 
the slow destruction to become apparent. Similar phenomena 
are reported in the literature on other themes. 
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A reversion of reaction toward alkalinity after an initial acid 
production is by no means limited to coli-aeroger~s cultures. 
Numerous instances occurring in cultures of various organisms 
are on record. The cause is doubtless different in diverse cases 
and the degree of the reversion may vary not only with the or- 
ganism but with the medium; but a clear distinction should be 
drawn between a reversion of reaction measured by titration 
with an alkali to the zone of hydrogen ion concentration where 
some particular indicator such as phenolphthalein changes color 
and a reversion measured by a change in hydrogen ion ¢oncentra- 
tion. For instance, it is commonly understood that B. proteus 
produces in milk a slight initial acid fermentation ayd then a 
more vigorous and extensive “alkali production.”’ This deduc- 
tion has been drawn from the color changes in litmus milk. The 
phenomenon can be observed better with milk colored with 
dibromo-ortho-cresol-sulfonephthalein which we have recommend- 
ed (Clark and Lubs, 1917) as a substitute for litmus in such 
cases. An apparent contradiction is found in a statement by 
Kendall, Day, and Walker (1914). In describing the action of 
B. proteus on milk, these authors say: 


ee 


“Contrary to what might be expected in the presence of such active 
proteolysis, the reaction becomes progressively acid in spite of the rapid 
peptonization. This might be attributable to the liberation of acid phos- 
phates following the decomposition of the casein or to a partial decomposi- 
tion of the butter fats with the liberation of fatty acids.”’ 


Kendall, Day, and Walker are speaking here of the ‘‘reaction”’ 
determined by titration. An increase in this value is not at all 
incompatible with a decrease in hydrogen ion concentration. 
For example: We inoculated a sample of sterilized milk with 
B. proteus and held it at 30° until the casein was almost all di- 
gested. The solution was made up to its original volume with 
distilled water to replace loss by evaporation and the hydrogen 
ion concentration and titratable acidity determined. The hydro- 
gen ion concentration and titratable acidity of a control sample 
of the same milk were also determined. Titrations were made 
with phenolphthalein as the indicator, and the values obtained 
are expressed below in ce. of 0.1 N NaOH per 100 ce. of milk. 
Owing to the fact that the slope of a titration curve of milk is 
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not steep through the pH range in which phenolphthalein under- 
goes its color change, the titers cannot be considered as accurate, 
but the following results show how great was the change in 
‘titratable acidity.” 





Control. Proteus culture. 
Titration value... : 26 43 


H ion concentration 34 x 107-8 3x0 









If we consider a hydrogen ion concentratiecn of 10 x 1078 
(1x 1077) to be that of a neutral solution, the uninoculated 
milk was distinctly acid while the milk which was acted upon 
by B. proteus became distinctly alkaline; yet the ‘‘titratable 
acidity”’ (to phenolphthalein) increased greatly. This increase 
was not “in spite of”? but because of the hydrolysis of the protein 
and the consequent increase in the buffer action against added 
alkali. This phenomenon has been encountered so frequently 
in studies of proteolysis that no detailed proof need be given 
here. 

While hydrolysis of a protein will always increase the buffer 
action of a solution in some particular pH region, it does not 
necessarily follow that the hydrogen ion concentration will be 
changed in one direction. This will depend upon the relative 
values of the acidic and basic dissociation constants of the ampho- 
teric bodies set free and in culture media the effect will be super- 
imposed upon that of the simple acids or bases which are formed. 

The resultant effect would be very difficult to analyze and we 
shall not attempt to do so in this case. The point we do empha- 
size 1s that theoretically and experimentally an increase in “‘titrata- 
ble acidity” is not incompatible with a decrease in hydrogen 
ion concentration or vice versa. The two phenomena should 
not be confused. 

Before leaving this digression agd returning to our main topic, 
we may again note as we did in our earlier paper that the general 
principles which we have used in developing our differential 
test may find a variety of applications. Possibly their applica- 
tion to the Smith reaction (Smith, 1905, 1910) for distinguishing 
human from bovine tubercle bacilli might explain some of the 
difficulties which have attended its use or at least clarify some 
of those difficulties in its study which have been mentioned by 
Harden (1913). 
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The Chemical Basis for the Division of Coli-Aerogenes Bacteria 
into Two Groups. 


By independent routes we have now arrived at a point where it 
is profitable to review briefly a few of the chemical means for the 
separation of coli-aerogenes bacteria into two distinct groups. 


Through the researches of Harden (1901), Harden and Walpole (1906), 
Thompson (1911), and others, it has been found that one of the chief dis- 
tinctions between the products of the fermentation of dextrose by B. coli 
on the one hand and by B. aerogenes and B.cloace on the other is a quanti- 
tative one. In each case there are formed lactic, succinic, acetic, and for- 
mic acids and ethyl alcohol, but the proportions of these found in coli 
cultures are distinct from the proportions found in aerogenes and cloace 
cultures. These differences might have become the basis for a differential 
test and indeed were so used by Harden (1905); but the analytical diffi- 
culties involved prevented the extensive use of this method. 

The quantitative differences in gas production by these organisms 
were recognized by Smith (1893) and upon these differences Smith estab- 
lished the fermentation tube test. Because the characteristics studied 
differ only in a quantitative way while the method involves sources of 
serious analytical error, the Smith fermentation tube has been of limited 
usefulness. Harden (1899), Harden and Walpole (1906), and Thompson 
(1911) established somewhat more accurately the gas ratios, but it remained 
for Keyes (1909) and Keyes and Gillespie (1912) not only to furnish reli- 
able data for B. coli but to frame the method which with slight modifica- 
tions has proved to be so useful in the more extensive investigations by 
Rogers and his collaborators. In these later researches (Rogers, Clark, 
and Davis, 1914; Rogers, Clark, and Evans, 1914, 1915) the value of 
analytical accuracy in the determination of the gas ratios was firmly 
established. 

In their quantitative studies Harden and Walpole (1906) were seeking 
for the carbon deficit among the products of the fermentation of dextrose 
by B. aerogenes and encountered a butylene glycol and acetyl methyl 
carbinol. The latter compound was shown by Harden (1906) to be respon- 
sible for the reaction of Voges and Proskauer (1898). B. cloace (Thomp- 
son, 1911) produces the same substances, but these products are not 
formed by B. coli. Here we have a qualitative difference and the estab- 
lishment on a firm basis of another cultural test. 

Clark (1915), starting from the point of view established by Michaelis 
and Marcora (1912), attacked the problem of acid production of B. coli 
in a manner very different from that of Harden, and Clark and Lubs (1915) 
devised the differential test the revision of which is described in this article. 


We have now the three tests: the gas ratio, the Voges-Pros- 
kauer reaction, and the indicator test of Clark and Lubs. The 





Wm. M. Clark and H. A. Lubs 229 


correlation between the first and second was established on a 
limited scale by the researches of Harden, Walpole, and Thomp- 
son. On a more extensive scale, the correlation between the 
first and third was established by Clark and Lubs and between 
the second and third by Winslow and Kligler, Levine, Hulton, 
Greenfield, and Johnson, in 1916. Lastly the correlation among 
all the three tests is shown in this article. 

It is suggestive to note that the establishment of firm bases 
for all three tests was the result of quantitative researches. 
While it is true that the Voges-Proskauer reaction as ordinarily 
used is a qualitative test its explanation was the result of some 
quantitative researches and its present defect lies in its qualitative 
nature as already noted. 

The three tests correlate most beautifully in dividing the coli- 
aerogenes bacteria into two main groups. Within these groups 
there are doubtless distinct species or varieties, but the attempt 
to make any very sharp subdivision upon chemical evidence 
would be at present premature. 

The three tests have been useful in showing that the two groups 
have in the main different habitats and it is suggestive to reverse 
the view of this relationship and to note that the conditions of 
these diverse habitats favor one or the other of the two types. 
Thus there is good reason to believe that two distinct natural 
groups have been differentiated. 

There are other tests and correlations which might be mentioned 
were there need of further evidence that there is a clear and 
easily detected difference between two groups in the colon- 
aerogenes family. For instance, it has been found in the work 
conducted here that there is a very good correlation between a 
positive indol test and a low gas ratio, positive methyl red test 
and negative Voges-Proskauer reaction. Winslow and Kligler 
(1916) confirmed this with their series of cultures. But our 
experience has shown that the indol test has not yielded the per- 
fect correlation obtained with the other tests, and for this reason 
as well as because the production of indol has not as yet been 
satisfactorily investigated we are inclined to assign to it a position 
of secondary importance. 

It will be clearly recognized that the gas ratio, the production 
of acetyl methyl carbinol, and the phenomena made use of in the 
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methyl red test are not singly or collectively specific tests for 
B. coli or B. aerogenes. There are abundant indications in the 
literature that gas ratios similar to if not identical with those 
furnished by coli or aerogenes cultures are furnished by organisms 
of different types. Acetyl methyl carbinol has been found among 
the products of fermentation of several bacteria as noted in the 
papers by Harden and his collaborators and in more recent arti- 
cles. Its occurrence in vinegar has recently been confirmed by 
Baleom (1917). A limiting zone of hydrogen ion concentration 
similar to that reached by coli cultures will doubtless be found 
for a variety of organisms. A reversion of reaction such as is 
made use of in the methyl red test is a common phenomenon. 

Thus the tests which have been discussed must be considered 
as differential and may be applied only when the organism in 
question has been placed in the coli-aerogenes family. A defini- 
tion of the boundaries of this family does not lie within the prov- 
ince of this paper, but it is permissible to mention a limitation 
imposed upon the differential tests by a commonly accepted 
definition of a salient cultural characteristic of the members of 
this family of bacteria. 

It is commonly held that an organism to be a member of the 
colon-aerogenes family must ferment lactose. We shall not 
discuss the doubtful propriety of requiring gas production or 
acid production or both as the criterion of lactose utilization, 
but we do wish to emphasize the following considerations. 

Having chosen for study organisms which we consider to be 
lactose fermenters we find that the application of the differential 
tests separates the series into two groups. With this separation 
as a basis, some sort of order is obtained in the correlation of a 
variety of other tests, and the correlation with sources becomes 
most striking and significant. The result is a much more sug- 
gestive and valuable differentiation than that obtained by the 
McConkey scheme, but there remains this serious consideration. 
If a fundamental cultural requirement of a member of the colon- 
aerogenes family is that it shall ferment lactose, there is imposed 
the same sort of requirement for the characterization of a whole 
family as is imposed by the McConkey scheme when groups 
within the family are separated on the basis of the fermentation 
of another sugar, sucrose. 
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The fermentation of sucrose has been found to be far less useful 
than the differential tests we have mentioned for the separation 
of groups within the family. May not the same objection be 
urged against the use of lactose as a salient and fundamental 
requirement for the whole coli-aerogenes family? 

It may be urged that such a proposition is academic, that 
practical experience has shown the fermentation of lactose to be 
a convenient and significant crucial test, and that an overlapping 
of species is to be expected and must be treated biometrically 
with certain arbitrary points of reference. 

Such arguments may be allowed whatever force they possess. 
They do not invalidate the fact that sucrose fermentation has 
been shown to be less valuable than the other differential tests 
nor the argument that since this is so the fermentation of lactose 
may prove to be less useful than other tests. 

What these other tests would be we do not know, but if further 
researches conducted upon a broad and accurate basis should 
reveal the use of lactose to be as arbitrary as the use of sucrose 
fermentation, then it may become necessary to reconstruct the 
definition of the colon-aerogenes family. What position the dif- 
ferential tests we have discussed will then take cannot be fore- 
told, and until further investigations reveal the position of these 
tests in larger schemes of classification there will remain some 
doubt of the permanent value of such schemes of classification 
as the provisional one suggested by Levine (1916, c). 

Realizing that knowledge of the conduct of organisms termed 
for convenience B. coli or B. aerogenes is still fragmentary and 
that there are broader issues for the future than the mere differ- 
entiation of cultures within an arbitrary group, Rogers has been 
reticent in ascribing names or other than temporarily convenient 
schemes of classification to the extensive collection of organisms 
studied in this Division. We agree with him that questions of 
taxonomy must remain for some time to come entirely subor- 
dinate to careful and extensive surveys with quantitative methods 
upon the metabolism, the conditions of metabolism, and the 
distribution of various bacteria. 

Therefore, while the differential tests which we have described 
may be of immediate practical value in routine analyses, we 
hope that their position in the larger scheme of classification will 
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not be misjudged and that the principles upon which these tests 
are based will be subjected to further research and not be abused 
by those whose only inspiration is to vary a test at will to see 
what happens. 

Several of the quantitative aspects of the conduct of coli- 
aerogenes bacteria in the medium we have suggested are worthy 
of far more extensive investigation than we have had the time to 
give; but in view of the fact that the differential test may be a 
valuable one for field use within the immediate future the direc- 
tion of such further research as may become necessary had best 
be determined by the unforseen difficulties which may arise in 
the practical examination of contaminated material and especially 
of the water supplies of armies in the field. 


SUMMARY. 


In studies of bacteria of the coli-aerogenes family, Rogers, 
Clark, and their collaborators have found that the accurately 
determined ratios of the gases CO. and He produced in the an- 
aerobic fermentation of dextrose furnish a reliable basis for the 
separation of the family into two distinct groups. In these 
same studies there were established certain striking correlations 
between the gas ratios and the sources of the cultures. These 
correlations were seen to have considerable significance to the 
sanitarian and it became imperative to devise some test which 
would correlate perfectly with the gas ratios and which would 
be available for routine use. Such a test was found by Clark 
and Lubs who took advantage of certain differences in the in- 
tensities of the acid fermentations and developed a medium in 
which these differences could be made apparent by the use of the 
indicator method of determining hydrogen ion concentrations. 
The present paper deals chiefly with a revision of the medium 
first proposed. 

The new medium is composed of 0.7 per cent NasHPO, (an- 
hydrous), 0.2 per cent KH phthalate, 0.1 per cent aspartic acid, 
and 0.4 per cent dextrose. The main principles used in designing 
this medium are described. 

It was found that low gas ratio cultures (the type occurring in 
feces) in the new medium as in the old medium become red to 
methyl red, while high gas ratio cultures are yellow. 
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One hundred and sixty-four cultures which were classified 
definitely as low ratio cultures by gas analysis were all colored 
red by methyl] red. 

Sixty-five cultures which were classified definitely as high 
ratio cultures, the type occurring in grain, by gas analysis were 
all colored yellow by methyl red. 

Including those cultures which were definitely classified by 
gas analysis and tested in the old medium but not in the new, 
there is now a total of 374 cases in which there has been a perfect 
correlation between gas ratios and the methy! red test. 

Sixteen cultures studied in the present series were considered 
“atypical” because of abnormalities in gas production. The 
results with these organisms are tabulated but not discussed for 
lack of sufficient data. 

The revised medium was found to be more suitable for making 
the Voges-Proskauer test than media formerly employed in this 
laboratory. In several cases positive reactions were indistinct 
and fleeting, but by careful observations a perfect correlation 
between the Voges-Proskauer tests and the methyl red and gas 
ratio tests was found in all typical cultures. 

The reversion of reaction which is made use of in the methyl 
red test is discussed and it is shown that it cannot be attributed 
to ammonia production alone. 

Possible applications of the principles involved in the methyl 
red test are suggested and the position of the test with its correlated 
tests in larger schemes of classification is discussed. 
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THE THERMAL DECOMPOSITION OF THE OXYTOCIC 
PRINCIPLE OF PITUITARY SOLUTION. 
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(Received for publication, April 13, 1917.) 


The evaluation of extracts of the posterior lobe of the pituit- 
ary depends on the presence in such extracts of a substance or 
substances which in very high dilution stimulates isolated uterus 
preparations. This oxytocic principle is ordinarily thermostable, 
and methods of manufacture generally involve boiling to remove 
coagulable material, and subsequent sterilization by heat. Dur- 
ing certain experimental work on pituitary solution there was 
produced an extract of which the oxytocic principle was rapidly 
destroyed by boiling. This led to the following study of the rate 
and manner of the thermal decomposition of the principle, and 
some of the factors which condition it. The quantitative study 
of the progress of a reaction furnishes a method of attack which 
has added greatly to our knowledge of the properties of substances 
on which, because of their instability or occurrepce in minute 
proportions, the usual chemical methods can throw but little 
light. 

The pituitary solution under investigation had been made 
from the posterior lobes of the pituitary glands of cattle. These 
were finely ground with sand, and extracted with XX, acetic acid. 
The solution was boiled and filtered, and a few drops of chloro- 
form were added. The solution was acid to litmus, and gave : 
brown color with alizarin and a yellow with methyl orange, so 
that the H ion concentration was of the order of N X 107°. 


1S. Arrhenius (Quantitative Laws in Biological Chemistry, London, 
1915) gives a series of examples of the application of such methods to bio- 
chemical problems. 
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Qualitative experiments showed that heating rapidly diminished 
its activity. 

The rate of decomposition was studied quantitatively at 100°C. 
This temperature was chosen because it is involved in the manu- 
facture of pituitary extract, and because at this temperature the 
decomposition takes place conveniently rapidly. A flask of 150 
ec. capacity served as the reaction vessel. It was immersed in a 
bath of boiling water, and errors introduced by variations in baro- 
metric pressure or traces of dissolved substances were disregarded 
as within the limits of experimental error of the assay method. 
A reflux condenser prevented changes in concentration of the ex- 
tract due to evaporation. A small hole blown in the upper side 
of the flask and closed with a rubber plug permitted the with- 
drawal of samples from time to time by a capillary pipette. Since 
it seemed possible that the decomposition involved oxidation, 
air was excluded from the reaction flask by mean of a stream of 
carbon dioxide, which was carried in by a small tube passing 
down the condenser tube. 

After the reaction flask had been brought to 100° a 50 ce. 
sample of the extract was introduced through the small hole in 
the side. At definite intervals a sample of about 5 cc. was re- 
moved, sealed off in a test-tube, and cooled at once to 0°, after 
which it was placed in the ice box to be assayed as soon as possible. 
The extract was at all times handled under aseptic conditions. 

The samples were assayed by the isolated uterus method 
elaborated by Roth.2 A slight modification was introduced in 
that the final dilutions were made directly in the suspension 
chamber, which was made up to a definite volume. As standard 
was used a 1:20,000,000 solution of 8-iminazolylethylamine 
hydrochloride. The absolute concentration of the substance in 
decomposition being of course unknown, it becomes necessary to 
choose an arbitrary measure. _The concentration of the active 
principle is accordingly expressed as the reciprocal of the dilu- 
tion at which the extract is equal to the standard. 

Table I gives the results of this experiment, ‘the first column 
the time in minutes from the beginning of the experiment, the 
second column the strengths of the various samples, determined 


* Roth, G. B., Bull. Hyg. Lab., U. S. P. H., 100, 1914. 
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TABLE I. 


Decomposition of Pituitary Solution, 100°C., Air Absent, H Ion Concentra- 
tion Approximately N X 10-5, 





Concentration. 1 A 
Time elapsed. K= ; log — 
Observed. Calculated. we 








14,000 14,000 
10,000 10,312 0.03365 
7,500 7,596 0.03121 
5,000 4,802 0.02948 
3,000 2,605 0.02802 














0.03058 





physiologically and expressed in arbitrary units. Plotting the 
results showed that the concentration falls essentially as a logarith- 
mic function of the time, and the reaction is apparently one of 
the first order. The last column accordingly represents the con- 
stant calculated from the formula for a monomolecular reaction, 
while in the third column are given the concentrations calcu- 
lated from the same formula by substituting the average value 
of K. The agreement between observed and calculated values 
must be looked upon as satisfactory, particularly as the method 
employed is subject to the limitations in accuracy inherent in 
physiological determinations. 

From these results follows the important conclusion that one 
is here observing the decomposition of a single substance. If 
more than one substance is present which to any significant ex- 
tent affects the isolated uterus in the concentrations studied, the 
facts demand the difficult assumption that the two or more active 
substances are all decomposing at essentially the same rate. An 
attempt to follow the decomposition below the dilutions given 
gives rise to exceedingly irregular results. Several factors may 
contribute to this. One is the possibility of other constituents 
of pituitary extract, which are affected less or not at all by heat- 
ing and which in these relatively high concentrations may affect 
the test organ. In not too high dilutions tissue extracts in gen- 
eral have the property of stimulating the isolated uterus. A 
further factor, to which the foregoing perhaps contributes, and 
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to which attention has recently been called,’ is the increasing in- 
accuracy of the assay method as the dilutions become low. The 
slight progressive fall in the constant, if one may attach any 
significance to it, indicates the presence of a second substance, 
little effective at the higher dilutions, but gradually coming into 
evidence at the increasing concentrations which must be used. 
The fact remains that the oxytocic value of the pituitary solution, 
as measured by the isolated uterus method, has fallen to nearly 
one-fifth of its original strength in a manner characteristic of a 
single substance in decomposition. It seems impossible to escape 
the conclusion that the physiological assay of pituitary solution 
by the isolated uterus method, in the strengths practically 
employed, consists essentially in the measurement of a single 
substance. 

One of the most elaborate investigations of the posterior lobe 
of the pituitary, from the standpoint of its individual active 
principles, is that of Fiihner.* This investigator isolated four 
substances, all of which contribute to the general physiological 
effect of pituitary extract. These were investigated pharmaco- 
logically with respect to their action on blood pressure and respi- 
ration, and on the uterus muscle, both the isolated uterus and the 
organ in situ being used. In the action on the uterus only two 
of these fractions, Products III and IV, seem practically to be 
involved. Fiihner’s data, unfortunately in the present connec- 
tion, do not permit an exact comparison of the activity of these 
two on the isolated guinea pig uterus. On the rabbit uterus in 
situ both are about of the same activity. But on the isolated 
guinea pig uterus Product IV seems effective in rather higher 
dilutions.’ Moreover, this fraction seems to be present in con- 
siderably larger amounts than is Product III, and in spite of its 
activity it is not a pure substance. It seems possible, accordingly, 
that the assay of pituitary extract by the isolated uterus method 
consists in the measurement of a single substance which is a ewn- 
stituent of Fiihner’s Product IV. The significance of this pos- 


3’ Hamilton, H. C., and Rowe, L. W., J. Lab. and Clin. Med., 1916-17, 
ii, 120. 

4 Fihner, H., Z. ges. exp. Med., 1913, i, 397. 

5 Fiihner,* Figs. 23 and 24, pp. 427 and 428. 
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sibility lies in the fact that the characteristic effect of pituitary 
extract on the blood pressure is practically Jacking in Product IV. 

The isolated uterus method of evaluating pituitary solution has 
recently been subjected to criticism by Hamilton and Rowe.® 
Objection was raised on two grounds; first, that action on the iso- 
lated uterus need not indicate clinical oxytocic value; and second, 
that action on the isolated uterus need not be a measure of blood 
pressure effect. 

The first of these objections seems not altogether well grounded. 
Fihner’s results indicate clearly that in pituitary extract the 
same substances that affect the isolated uterus also stimulate 
this organ in situ. In the present investigation it was possible 
by heating to destroy the action on the isolated uterus. Pituit- 
ary extract of which this activity had thus been destroyed was 
subjected to clinical observation. These observations were 
naturally limited, but altogether definite; they indicate that with 
the destruction of the action on the isolated uterus disappears 
also the property of stimulating the uterus in labor. There is no 
evidence that the one property is ever present without the other 
in pituitary extract, and so far as its use in obstetrics is concerned, 
proof is wanting that the isolated uterus does not furnish an effect- 
ive method of evaluation. 

With the blood pressure effect of pituitary extract the case 
may be different. Fiihner’s results have shown definitely that 
the pressor effect and the oxytocic effect need not be due to an 
identical substance. Herring® found that pars intermedia ex- 
tracts, while acting on the uterus, had no specific effect on the 
blood pressure. Further definite evidence is brought forward in 
Roth’s’ recent paper, in which certain extracts were found equal 
by one method, while by the other method one was double the 
strength of the other. The results at hand indicate that the 
official assay method may involve the measurement only of a sub- 
stance in no wise concerned with the pressor effect. But if these 
results argue against the isolated uterus method of evaluating 
pituitary extract which is to be used for its pressor effect, they 
argue conversely against the blood pressure determination as a 


6 Herring, P. T., Quart. J. Exp. Physiol., 1914, viii, 267. 
7 Roth, Bull. Hyg. Lab., U. S. P. H., 109, 1916. 
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measure of oxytocie activity. Definite light should be thrown 
on this question by following quantitatively the pressor activity 
while the oxytocic principle is being destroyed by heat, as in the 
experiment described. A limited number of preliminary obser- 
vations along this line do not indicate that under these conditions 
the two properties are affected in qualitatively different ways. 
No doubt in the practical preparation of pituitary extract the two 
properties may go hand in hand. But it is safe to say that at 
present pituitary extract can be evaluated absolutely rationally 
only by testing it with respect to the specific effect for which it is 
to be employed. 

It has been suggested by Fenger*® that the active principle is 
susceptible to oxidation by the air. The rapid deterioration of 
the extract here described in an atmosphere of carbon dioxide 
made it seem improbable that the presence of oxygen would 
greatly influence the reaction. The experiment was, however, 
repeated, using the same extract, but substituting a current of 
air for the carbon dioxide previously used. The extract had lost 
greatly in strength, even at ice box temperature, in the 10 or 12 
days that had intervened, and only two observations were possi- 
ble before concentrations were reached at which the results could 
not be followed significantly. Table II gives the figures obtained. 
The calculated value is arrived at by substituting the average 
constant from the preceding experiment, 0.03058. 


TABLE II. 


Decomposition of Pituitary Solution, 100°C., Air Present, H Ion Concen- 
tration Approximately N X 10-5. 





Concentration. 
Time elapsed. 





Observed. Calculated. 





min, 


0 4,600 4,600 
10 3,375 | 3,387 0.03097 











The reaction has evidently not been influenced in any signifi- 
cant manner by the presence of oxygen. Attention was accord- 
ingly turned to another possible factor, the H ion concentration 


8 Fenger, F., J. Biol. Chem., 1916, xxv, 417. 
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of the solution. This proved to be the essential factor. The 
H ion concentration of the unstable solution had been of the order 
of N X 10-*%. If now the free acidity be increased until the 
solution is just acid to methyl orange but still gives a violet color 
with methyl violet—so that the H ion concentration is of the 
order of N X 10-*—the oxytocie principle becomes thermostable. 
Such a solution may be heated to 100°C. for an hour without 
demonstrable change, as the following typical experiment shows. 


TABLE III. 


Stability of Pituitary Solution, 100°C., Air Present, H Ion Concentration 
Approximately N X 10-3. 





Time elapsed. Concentration observed. 





20,000 
20,000 
20,000 
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Fig. 1. The chart represents graphically the results of the three 
experiments, and shows that decomposition proceeds as a logarithmic 
function of the time. To bring the experiments to a common scale, the 
percentage of the total active substance remaining undecomposed is sub- 
stituted for the concentration. 


If we may assume that the oxytocic principle is a complex 
amine, for which there exists certain chemical and pharmaco- 
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logical evidence,® the results at hand are able to throw some 
light on its chemical characteristics. In acid solution it must 
exist as a salt, fully ionized at the high dilution. The free base 
present in alkaline solution must yield, so far as it is ionised, the 
same cation as the salt. It is to be supposed, therefore, that 
the cation is stable, and that it is the free base which decomposes. 
No doubt the base is relatively weak, and the salt subject to hy- 
drolysis. A decrease in the acidity of the solution results then in 
increasing the concentration of free base, and correspondingly 
hastening the decomposition. The possibility that the free base 
rearranges to a physiologically inert compound suggests itself, 
and is not without analogy among organic compounds. - The 
rearrangement is irreversible or the reversal involves a time reac- 
tion, since activity is not restored by making the solution again acid. 

Attention has been called to the fact® that dilutions of pituit- 
ary extract in Locke’s solution deteriorate rapidly, a circumstance 
no doubt explained by the low H ion concentration of the solu- 
tion. These facts must also have their bearing on the stability 
of the active principle in various body fluids, and the duration 
of its effect. 

SUMMARY. 


1. That constituent of pituitary solution which affects the 
isolated uterus is rapidly destroyed at 100°C. when the H ion 
concentration of the solution is of the order of N x 107-°. 

2. The destruction proceeds in a manner characteristic of a 
single substance decomposing according to the law for a mono- 
molecular reaction. 

3. The facts indicate that the evaluation of pituitary soli:tion 
by the isolated uterus method consists in the measurement of a 
single substance. There is no evidence that this does not consti- 
tute an adequate measure of clinical oxytociec value. The possi- 
bility is suggested that the substance measured may not be con- 
cerned in the characteristic pressor effect of pituitary solution. 

4. Oxygen seems not to be involved in the decomposition under 
the conditions of the experiment. 

5. The oxytocie principle becomes thermostable when the H 
ion concentration is increased to the order of N X 107%. 


* Fiihner, Miinch. med. Woch., 1912, lix, 852. Aldrich, T. B., J. Am. 
Chem. Soc., 1915, xxxvii, 203. 
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(Received for publication, April 5, 1917.) 


In an earlier paper we have reported the results of nutrition 
investigations upon the efficiency of cottonseed meal as a food 
for the albino rat. In this first report we supported certain 
conclusions regarding the efficiency of cottonseed meal in pro- 
moting the growth and development of the albino rat which have 
been more definitely substantiated during succeeding months 
of investigation. The results of several experiments on growth 
and reproduction, indicated at that time, together with additional 
data bearing upon our first conclusions will be considered in this 
paper. 

The general plan and technique of the investigation previously 
described! has been followed in this latter work. In all the ex- 
perimental diets the Allison cottonseed flour? has been employed 
exclusively. By a constantly improving process of bolting, the 
flour is deprived of the greater part of the lint, hulls, and resin 
contained in the ordinary commercial cottonseed meal and becomes 
a highly edible flour of the following composition :* 

per cent 
51.19 
. 11.40 
3.05 


9» 99 


6.14 





‘ Richardson, A. E., and Green, H. 8., J. Biol. Chem., 1916, xxv, 307. 

2 Allison flour is the trade name for the refined cottonseed flour manu- 
factured by G. A. Baumgarten, Schulenburg Oil Mills, Schulenburg, 
Texas. 

3 Analysis made by G. S. Fraps, College Station, Texas, January, 1916. 
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In the experiments the following diets have been used: 


per cent 
1. Cottonseed flour............ 50 3A.Cottonseed flour . 
NS Se ee 2 22 a Eee 
BN 5 6Bii5 6 on 085,0de lord Grewee 28 ae “fd eee ASEM 
a) re 
per cent 
$4. Cottonseed flour. . , a 7. Cottonseed flour......... 
BASE. .:....-. 30 a cc sesckkcaaws 
Ie ee ee ee 
Butter fat...... 
Protein-free milk*........ 
per cent 
13. Cottonseed flour 45 14. Cottonseed flour.... 
Whole milk powder® 17 Protein-free milk... 
Starch... 10 ee ery 
Lard.... 28 
per cent 
16. Cottonseed flour 50 17. Cottonseed flour......... 
Caseim........ 5 RR Fes visi cca neaaee 
Lard.. 16 i es er eal 
Butter fat 12 Protein-free milk........ 
Starch.... 7 eee 
Protein-free milk. . 10 
per cent 
18. Cottonseed flour. . 50 =19. Cottonseed flour. . 
Casein...... 5 See ere 
Lard,....«.« 28 Sr 
Starch. 17 SO eee re 
RRS ONY tee ets 
. per cent 
21. Cottonseed flour... . Sistgtsa 
Butter fat....... 5 
a adnan anes 23 
Protein-free milk...... 10 


per cent 
. 50 

Oo» 

16 
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per cent 
<3s 
12 
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Can Animals Live on a Diet Containing at Least 50 per Cent 
Cottonseed Flour? 


We have previously reported that animals have lived as long 
as 345 days on diets containing 33 to 50 per cent cottonseed 
lour. Since then rats have lived between 400 and 500 days 


4 Richardson and Green,! p. 309. 
’ Manufactured by Merrell-Soule, Syracuse, New York. 
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on 50 per cent cottonseed flour. One animal, Rat 40, lived to 
the age of 565 days on a diet containing 50 per cent cottonseed 
flour, even though deficient for a part of the time in butter fat® 
and mineral,? and later only mineral. The growth, development, 
and general well-being of these rats have depended upon the ad- 
dition to the diet of certain necessary food substances other than 
protein. 


Is the Protein of Cottonseed Flour Sufficient for the Normal Growth 
of the Albino Rat? 


With diets in which the only protein is supplied by 50 per cent 
cottonseed flour rats have lived from 400 to 565 days. With 50 
per cent cottonseed flour alone furnishing the protein, mineral, 
and growth-promoting factor, as in Diet 1, rats have lived as 
long as 270 days. The rate of growth has not been normal and 
had continued for a period ranging from 135 to 205 days (Chart 
1). From this point if the animals are continued on Diet 1 they 
gradually lose weight and finally die, or they maintain themselves 
for a varying period before loss in weight and death occur. On 
a diet in which 70 per cent cottonseed flour furnishes the only 
protein, mineral, and growth-promoting factors, as in Diet 4, 
there has been normal growth and then slow continuous growth 
for 165 to 205 days (Chart 2). After this period the weight 
gradually declined. When the diet was changed so as to furnish 
62 per cent cottonseed flour, 5 per cent butter fat, and 10 per 
cent protein-free milk, as in Diet 21, growth was resumed and 
there was a general improvement for 80 days longer. 

When 12 per cent butter fat with its growth-promoting factor 
is added, as in Diet 3A, rats have lived as long as 287 days. 
The rate of growth with this addition to the diet is practically 
the same as without the butter fat, although as we first reported, 
with butter fat the period of growth is somewhat longer, ranging 
as high as 240 days of slow growth (Chart 3) before complete 


6 Osborne, T. B., and Mendel, L. B., J. Biol. Chem., 1913-14, xvi, 423. 

7 McCollum, E. V., and Davis, M.; J. Biol. Chem., 1915, xxi, 615. Hart, 
E. B., McCollum, E. V., Steenbock, H., and Humphrey, G. C., Wisconsin 
Agric. Exp. Station Research Bull. 17, 1911. Osborne and Mendel, J. Biol. 
Chem., 1913, xv, 311. 
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failure of the diet is demonstrated. On cottonseed flour as the 
only source of protein with the addition of the mineral of protein- 
free milk, but without butter fat as in Diet 14, there is no advan- 
tage in the growth of animals as compared with that of rats on 
Diets 1 and 3A (Chart 4). 

A diet with cottonseed flour as the sole source of protein com- 
pletely adequate for normal growth of the albino rat as compared 
with control animals is found in Diet 7, containing 50 per cent 
cottonseed flour but with the addition of both butter fat and the 
mineral of protein-free milk (Chart 5). From this chart it will 
be seen that this diet is adequate not only for normal growth of 
the rats reared from an early age but also supports normal growth 
of the second generation (Rat 1026). 

With the idea of determining whether better growth could be 
induced by a combination of cottonseed flour with some protein 
which has been demonstrated efficient for growth, 5 per cent 
vasein® was introduced as in Diet 16. From Chart 6 it will be 
seen that the addition of casein to this diet in the presence of both 
butter fat and protein-free milk is apparently no more favorable 
to growth than is Diet 7, similar in composition but without 
casein. While the addition of casein to a diet contaming 50 
per cent cottonseed flour, butter fat, but no protein-free milk, 
as in Diet 19, is apparently quite as efficient for growth as 
either Diet 16 or 7, Diet 18, containing 50 per cent cottonseed 
flour, 5 per cent casein, but no protein-free wilk or butter fat, 
and Diet 17, similar to 18, but with the addition of protein-free 
milk, induce no better growth than similar diets, 1 and 14, without 
casein, as shown by Chart 7. 


Ts the Protein of Cottonseed Flour Sufficient for Normat 


Reproduction? 


In the absence of either butter fat or protein-free milk, or of 
both, where cottonseed flour is the sole source of protein, as in 
Diets 1, 3A, and 14, no reproduction has been obtained, but 
reproduction to the third generation has been obtained with rats 
on Diet 7, containing 50 per cent cottonseed flour, 10 per cent 
protein-free milk, and 12 per cent butter fat. The first repro- 


8 Osborne and Mendel, J. Biol. Chem., 1915, xx, 351; 1916, xxvi, 1. 
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duction on this diet was from Rat 38. This animal on Diet 
3A, containing 50 per cent cottonseed flour, 12 per cent butter 
fat, but no additional mineral, grew normally for 145 days to the 
weight of 170 gm., which she maintained for 80 days with no 
reproduction although mated. When mineral in the form of 
protein-free milk was added, as in Diet 7, she immediately began 
to grow again and at the age of 13 months reproduced a family 
of seven, and 7 weeks later another family of six. All of the 
first litter, two males and five females, grew and developed nor- 
mally to maturity (Chart 8) but only one of the females ever 
produced young. This rat, No. 1024, at the age of 6 months 
bore seven young. Only one of this litter, No. 2042, is alive at 
the age of 150 days. 

Similarly, Rat 40, stunted successively for 192 days on Diet 1 
and 35 days on Diet 3A, finally when transferred to Diet 7 began 
to grow steadily and at the age of almost 15 months produced a 
very weak litter of ten young, all of which died when 1 week old, 
and 3 months later bore a litter of about four, all of which either 
died or were eaten by the mother. Out of six families of a total of 
thirty-nine young borne by four females on Diet 7 only eight of 
the second generation have grown to maturity, and of seven 
young of the third generation only one animal has survived. An 
explanation of the high mortality of the third generation on this 
diet may be found in close breeding, as the parents of this third 
generation were of the same family. 

Comparing in relation to reproduction Diet 16, containing 5 
per cent casein, with Diet 7, there appear to be more favorable 
conditions for reproduction with Diet 16, for on this diet we have 
obtained frequent normal reproduction with a low rate of mor- 
tality as compared with Diet 7. On Diet 16 there have been three 
generations of rats. The first generation raised on Diet 16 
since weaning was korne of Rat 125 which had been raised on 
Diet 13, containing 45 per cent cottonseed flour and 7.2 per cent 
milk protein (Chart 9). 

Of eight families with a total of thirty-seven young borne by 
three females raised from weaning on Diet 16, twenty-cight have 
grown normally to maturity and three females of this second 
generation, Nos. 2008, 2016, and 2020, have produced three, 
five, and six voung respectively. 
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On Diet 19, containing 5 per cent casein, 50 per cent cottonseed 
flour, 12 per cent butter fat, and no additional mineral, rats have 
grown practically normally, and one female, No. 240, has pro- 
duced two litters of five and seven young, of which three females 
have survived (Chart 10). The ability of the animal body to 
grow and reproduce on this diet is particularly interesting when 
the ash analysis of the Allison flour is considered. 


Ash Analysis of Cottonseed Flour (Golaz). 


per cent 
Sth acdsaic ac aw sat a Re ee LS Rae AS 5.5--6.0 
WR co Riek oAe te eau ee dean os de erin cae tee wouah 0.14 
eg el As cea IE ae Reed Sas dos Rome ono wow 0.00 
NE 10h cane Aiangcorte ine s-Geelnek atprase we 4S atte des OR RRA eae 0.06 
Barreca tee ace Sie, Ring ar Ove ie ata Sse eb ow 2.57 
| ESE ener: Ao Pa a ee een eR are . 2.01 
SE hots, ae etch iain Wis Faits (a Rahs oe eee Ede ie aT ee 0.26 
nee ieain ¢ Sats eu ve Oke eR Oe . 0.25 
RS is a kh aris ard d vee e Wied wk ER ee 0.00 


What Nutritive Factors Are Lacking in Cottonseed Flour? 


As has been stated, Diet 7, containing 50 per cent cottonseed 
flour, 12 per cent butter fat, and 10 per cent protein-free milk, 
is adequate for normal growth, development, and reproduction 
of the albino rat as well as for the recovery to a normal condition 
of rats which have been stunted or reduced to an extreme degree 
of emaciation by diets deficient in some necessary food factors,°® 
whereas it has been demonstrated that Diets 1, 3A, and 14, lack- 
ing either additional mineral, butter fat, or both, are not suffi- 
cient for either normal growth or reproduction. In the previous 
paper we gave no report as to whether this lack was due to defi- 
ciency in the inorganic salts or to the lack of some growth- 
promoting factor, but suggested that the results of our work 
indicated that a diet of 50 per cent cottonseed flour, lard, and 
starch lacks sufficient mineral and growth-promoting substances 
to induce normal growth. Additional light upon the question 
of the efficiency of the mineral of cottonseed flour for growth 
and reproduction has been obtained by a further consideration 
of diets containing casein. Diet 18, without either butter fat 


® Richardson and Green,! p. 313. 
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or protein-free milk, resembling Diet 1 except in the addition of 
5 per cent casein, and Diet 17, with 5 per cent casein but without 
butter fat, otherwise resembling Diet 14, induce no more normal 
growth than does either Diet 1 or 14. However, Diet 19 with 5 
per cent casein but without protein-free milk, otherwise resembling 
Diet 3A, does induce normal growth as 3A does not. This indi- 
cates that cottonseed flour supplies enough mineral for normal 
growth when casein is added, which by its presence evidently 
increases the efficiency of a diet limited in its mineral content. 


Is There Any Toxic Effect Due to the Feeding of Cottonseed Flour 
or Extracts in the Diet of the Albino Rat? 


Our conclusions in regard to the supposed toxicity of cottonseed 
flour have been further substantiated by later work. In feeding 
as much as 70 per cent cottonseed flour as in Diet 4 during 209 
days, and 50 per cent cottonseed flour during 565 days, there 
have been no harmful results apparent which could be attributed 
to toxic substances. Four successive generations of rats have 
been obtained on Diet 13, which contains 45 per cent cottonseed 
flour and 17 per cent milk powder, and three successive genera- 
tions on Diet 16, the first lot of rats on this diet being the young 
of Rat 125, raised on Diet 13. The animals on Diets 13 and 16 
were perfectly normal in growth and frequent reproduction. 

To test further the question of the toxicity of cottonseed and 
cottonseed flour, extracts of both these substances have been fed. 

Both petroleum ether and ethyl ether extracts from the entire 
cottonseed have been fed to rats. These extracts from the whole 
seed dried at 120°C. have been prepared according to the method 
described by Withers and Carruth.’® The petroleum-ether-free 
extract, which consists largely of oil, is fed in the following diet: 


per cent 
Whole milk powder. ..... é vere bi aeiine ca ae 
EN se LR RRS ae ide ae ne eh ee eth Pent eres Sgt 12 
ee NRT e RL gla cakete males eon 8-22 
Petroleum ether extract.................0..0.. 6-20 


10 Withers, W. A., and Carruth, F. E., J. Agric. Research, 1915-16, v, 


267. 
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The ethyl-ether-free extract of the residue extracted first by 
petroleum ether which, as Withers says, amounts to about 2 per 
cent of the weight of the kernels used and therefore according 
to the same authority is about 40 to 50 per cent gossypol, is fed 
in the following diet: 


per cent 
NIN NEI NUNN 5 acai aad Sra sarsionce. aw aise aa a Mopar diaceigesarsieie wane 60 
NN SA a feet Aare ily a Bast i dia Sis Siasasas ain Wntdasne gee ase 12 
OE neve ea ee eee ee 27.5 
NN MID ln io iraicniy 5 aly d-yussia Mug adden an ekesen seal 0.5 


Computing upon the basis of the figures for gossypol content 
of the ethyl ether extract given by Withers, we suppose | gm. of 
this food to be equivalent to about 0.002 gm. of gossypol. Chart 
12 gives the food intake and behavior of animals upon diets con- 
taining petroleum ether extract of the whole cottonseed, Lot A, 
and ethyl ether extract of the petroleum-ether-extracted cotton- 
seed, Lot B. 

The whole ether extract of Allison cottonseed flour, equivalent 
to about 8 per cent of the weight of the flour, has been fed in the 
following diet: 


per cent 
Whole milk powder...... Pease ieale abate 22 eee ienranatid . 60 
Starch..... i LE ce Mee = ——e 
Lard...... ‘ Be i ch hah eh ei aaa as Sa ad wASta hace eta 
PRIN OIE MINIS oo og «os. ctuivnie nd ced os aol eee auwwlere <a 


Chart 12, Lot C, indicates the food intake and behavior of 
rats on this diet. 

Parallel with these experiments, recrystallized gossypol was 
fed." The results of our work have corroborated the findings 
of Withers in regard to the toxic effect of gossypol. Rats which 
have received 0.4 per cent gossypol in a diet containing 60 per 
cent milk powder, 12 per cent starch, and 27.6 per cent lard 
have rapidly lost weight and died within 4 to 10 days, or when they 
had consumed 0.028 to 0.086 gm. of gossypol. When the amount 
of gossypol in the diet is decreased to 0.1 per cent, the food intake 
is greatly increased but the rats steadily lose weight. Rat 8 
died after 21 days, having consumed 0.137 gm. of gossypol; Rat 


1 This was furnished by Dr. Withers, of the North Carolina Agricultural 
Experiment Station. 
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9, after 28 days, having consumed 0.221 gm. of gossypol, was 
changed to a diet containing 0.05 per cent gossypol, on which 
diet it made a slight gain in weight during 18 days, after which 
the weight has steadily declined (Chart 13). 


SUMMARY. 


1. Albino rats have lived for 400 to 565 days with 50 per cent 
cottonseed flour in the diet. 

2. The protein in a diet containing 50 per cent cottonseed 
flour, protein-free milk, and butter fat is sufficient for normal 
growth and development of the albino rat and for reproduction 
to the third generation. No better growth is induced, but more 
frequent reproduction with lower mortality and more general 
well-being of animals are obtained by the addition of 5 per cent 
casein to a diet containing 50 per cent cottonseed flour, butter 
fat, and protein-free milk. 

3. Normal growth and reproduction do not result from diets 
containing 50 per cent cottonseed flour in which there is a lack of 
butter fat, protein-free milk, or both. However, 50 per cent 
cottonseed flour with 5 per cent casein and butter fat, without 
additional mineral beside that furnished by the cottonseed flour, 
supports normal growth and reproduction although the second 
generation does not grow quite normally on this diet. 

4. No toxic effect is apparent in feeding from 45 to 50 per cent 
cottonseed flour to albino rats through four successive genera- 
tions or during 565 days of the life of an mdividual. Petroleum 
ether extract of the entire cottonseed fed in a well balanced diet 
has a depressing influence or the weight of the albino rat. Ethyl 
ether extract from petroleum-ether-extracted cottonseed and 
ethyl ether extract of Allisen cottonseed flour have no harmful 
effect upon the albino rat. 

The charts follow. 
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Cuart 1. Rats do not grow normally on Diet 1, in which 50 per cent 

cottonseed flour furnishes the only protein, mineral, and growth-promoting 
factor. Growth on this diet has continued for 135 to 205 days. 
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Cuart 2. On Diet 4. in which 70 per cent cottonseed flour furnishes 
the only protein, mineral, and growth-promoting factors, rats grow nor- 
mally for 40 days, and grow steadily but slowly for 165 to 205 days longer. 
From this point the weight gradually declines, but growth is resumed when 
the diet is changed so as to furnish 62 per cent cottonseed flour, 5 per cent 
butter fat, and 10 per cent protein-free milk, as in Diet 21. 
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Cuart 3. With the addition of butter fat, as in Diet 3A, there is prac- 
tically no better rate of growth than without butter fat, as in Diet 1, but 
the period of growth is longer. 
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Cuart 4. With the addition of the mineral in protein-free milk but 
without butter fat, as in Diet 14, there is no advantage in the growth of 
Rats 191 and 265, as compared with the growth of Rats 152 and 36 on Diet 
1 and Rats 140 and 152 on Diet 3A. 
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Cuart 5. Diet 7, containing 12 per cent butter fat, 10 per cent protein- 
free milk, and 50 per cent cottonseed flour as the sole source of protein, 
is completely adequate for normal growth of rats reared from an early 
age, Nos. 198 and 183, and of the second generation, No. 1026, and supports 
normal growth of the third generation, No. 2042, for 50 days. 
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Cuart 6. 5 per cent casein in a diet containing 50 per cent cottonseed 
flour, butter fat, and protein-free milk, as in Diet 16, is no more favorable 
to growth than Diet 7 without casein (Rats 1000 and 1001). 

Diet 19, containing casein, cottonseed flour, butter fat, but no protein- 


free milk, is apparently quite as efficient for growth as either Diet 16 or 7 


(Rats 237 and 247). 
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Rats 245 and 288 on Diet 18, containing 5 per cent casein 
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Cuart 7, 
and 50 per cent cottonseed flour but no protein-free milk or butter fat, 
grow no better than Rats 114 and 49 on Diet 1 without casein. 

Rats 291 and 290 on Diet 17, containing 5 per cent casein, 50 per cent 
cottonseed flour, protein-free milk, but no butter fat, grow no better than 
Rats 205 and 210 on Diet 14 without casein. 
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Cuart 8. Rat 38 on Diet 3A did not reproduce when mated, but when 
transferred to Diet 7 she produced two families of young. Of the first 
litter, No. 1024 bore seven young. No. 2042 of the third generation is 
alive at the age of 150 days. 
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he oramen ts dsnaninamzaciaias aes 
| 
206 ‘ 
fe 4 
/ J 
a ae f—-+ 
47 ae gery eh BPE ge 
. y ed + p+ 4 3 
br Zt » Le al Pa 
> Y § A 
i Led } aa meatal } i 
4 Wey aoe « i aw fT | 
, aR Ge. 4 
' 120 iv Pt se a lle 
1 a erie A 
. Y Y ig y 
a ee AS ay 1 
aa a 
t 7? } yf at 2 
60 A 








ack —> A 
AG golArs 





Cuart 10. 
eration, Nos. 


Rat 240 on Diet 19 has borne two litters. The second gen- 
2032 and 2034, is not growing normally. 
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Cuart 11. Four generations of rats on Diet 13, containing 45 per cent 
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Lot A indicates the behavior and food intake of Rats 10 


and 11 on a diet containing the petroleum ether extract of the entire 


cottonseed. 


Lot B indicates the behavior and food intake of Rats 10 and 14 on a diet 
containing the ethyl ether extract of 


cottonseed. 


Lot C. 


the 


petroleum-ether-extracted 


Rats 20 and 21 are on a diet containing the ether extract of Alli- 
son cottonseed flour. 













SS ee eae 


— 


natn ALi 


¢ 
} 
| 





258 Nutritive Value of Cottonseed Meal. 





| 
| 


= 
| 


—_—+—_——+ 
} 
| 
} 
| 








144q \ | 
mon 
PLANE OF 
_, — | 


= 





gi\ Led | 
” P — 





\ 
=! , Dead 
FOOD INTAKE | 
ote | 





+ 


Som 


EE 





moslpmsnmanenl 


60? 
x 
} 
\ 
+ 
yy 
——t 
i \ 
| a 4 
\DEAD 
= a 





J DAYS 


CuartT 13. 


tively. 


Rats 1, 2, 3, 4, 5, and 6 received 0.4 per cent gossypol. 
Rats 8 and 9 received 0.1 per cent gossypol for 21 and 28 days respec- 
From this point Rat 9 received 0.05 per cent gossypol. 





























THE USE OF THE VAN SLYKE CO, APPARATUS FOR 
THE DETERMINATION OF TOTAL CO, IN 
SEA WATER. 


By J. F. McCLENDON. 


(From the Physiological Laboratory of the University of Minnesota, 
Minneapolis. ) 


(Received for publication, November 27, 1916. 


Since the apparatus for very accurate determinations of the 
COs. in aqueous fluids has usually been quite complicated and 
expensive, the present investigation was undertaken to determine 
the degree of accuracy that might be attained with Van Slyke’s 
simplified mercury pump and gas burette, with special reference 
to sea water. With careful manipulation, an accuracy of 0.5 
per cent was attained. In order to accomplish this, a large num- 
ber of corrections had to be applied, and since these corrections 
vary so much for different determinations that they cannot be 
combined in a table such as Van Slyke has made for blood, an 
example of the results of a determination with the corrections 
applied is given below. 

A solution of double normal HCl and one of half normal NaOH 
were prepared, to liberate and absorb the CO.. The elementary 
zases have about the same solubilities in these solutions as in 
sea water, and the solutions were brought to equilibrium with 
the elementary gases at the same partial pressures as in sea 
water. In this way, any liberation or absorption of inert gas, 
due to mixing these solutions with sea water in the apparatus, 
was avoided. 

The stock form of apparatus from Emil Greiner Company 
was used, but with a leveling bulb with perpendicular sides, in 
order to prevent an error in reading the height of the mercury. 
This cylindrical bulb was connected to the apparatus by means 
of a piece of vacuum tubing of soft rubber and of only 1 mm. 
bore, so as to reduce its weight and thus prevent interference 
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with vigorous shaking. The bulb was attached by means of a 
swivel joint to a screw of about 4 mm. pitch that was passed 
through a nut held in a burette clamp. By means of the screw, 
very accurate adjustment of level could be made. 

The apparatus was cleaned with potassium bichromate in 
concentrated sulfuric acid, rinsed with distilled water, and the 
stop-cocks were greased with a preparation made by dissolving 
native rubber in boiling paraffin and adding vaseline in order to 
obtain the right consistency. The apparatus was filled with 
mercury in the usual manner, to about 2 mm. above the upper 
stop-cock, and evacuated once in order to remove air bubbles. 
It was refilled with mercury, care being taken that both capillary 
tubes above the upper stop-cock were filled. 10 cc. of sea water 
; were measured in a pipette and introduced into the apparatus 
through the cup on top. In order to prevent error due to a 
drop of sea water remaining in the cup, only 1 ee. was admitted 
before the stop-cock was opened, and then the water was allowed 
to leave the cup as fast as it entered it. When the water level 
‘3 sank to the entrance of the capillary at the base of the cup, 1 ce. 
of double normal HCI was admitted, and the last drop of se: 

water washed into the apparatus with it. When the acid level 
sank to the entrance of the capillary, mereury was placed in the 
cup and allowed to pass into the apparatus, thus forcing in the 
E last drop of acid. Care was taken that enough mercury was 
a left in the two capillaries above the upper stop-cock in order to 
| seal it. The apparatus was exhausted until the mercury reached 
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f the 50 ec. mark, the lower cock closed, and the apparatus inverted 
: in order to see whether the upper stop-cock leaked. It was 
if then held with the fingers far out at the extreme ends of the 
if apparatus, in a horizontal position and shaken violently for 2 
4 minutes or given 400 double vibrations, in order to bring the 
| water into equilibrium with the reduced CO: pressure. Several 


times during this process the residual mercury was allowed 
to run into the graduated part of the apparatus in order to 
expel any sea water that thus escaped the agitation, but the 
time required for this was counted out of the shaking. The ap- 
paratus was clamped upright, the lower cock opened in the usual 
manner, and the water allowed to run into the trap below. By 
carefully adjusting the screw, the water level was made to coin- 
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cide exactly with the upper entrance of the hole in the lower stop- 
cock stopper, and held there 1 minute in order to allow the appa- 
ratus to drain. The stop-cock was reversed and the mercury 
allowed to rise until it reached the same level as that in the level- 
ing bulb that was raised to meet it. The mercury was held at 
this level 1 minute in order to allow the water trapped between 
the mercury and the glass to rise. The volume of water above 
the mercury was accurately observed and recorded, and the bulb 
raised so as to compress the gas by half the volume of this 
water. The lower stop-cock was now closed and the apparatus 
held (the fingers being at the extreme ends) on its side so that the 
sea water trapped below would not pass the Y-joint, and so that 
the gas and residual water above the mercury would pass into 
the wide part of the apparatus. It was agitated 1 minute in 
order to bring the residual water into equilibrium with the gas. 
The apparatus was clamped upright, care being taken to see 
that the mercury in the bulb was at the same level as that in the 
gas burette, and its level noted. The lower stop-cock was then 
opened. If the mercury in the burette changes more than 0.5 
mm. the levels must be adjusted and the shaking repeated, but 
this seldom happens provided there is less than 0.1 ce. of water 
above the mercury. The mercury levels are now adjusted with 
the most extreme care, by means of the screw. In doing this 
for the first time, it is advisable to place two specks of dust on 
the mercury in the leveling bulb and sight over both of them 
simultaneously, in order to determine the horizontal. The 
leveling bulb is placed just behind the burette, and the screw 
adjusted so that the mercury meniscus in the burette and the 
two specks of dust in the bulb are brought into line. The volume 
of the gas is now accurately determined by reading the top of 
the water meniscus, and recorded. 0.5 ec. of half normal NaOH 
is placed in the cup and-run into the burette. As the gas rises 
through the NaOH all of the CO, is absorbed, and no shaking is 
necessary. The mercury level is adjusted as before, but allow- 
ance must be made for the liquid over it. The length of this 
liquid is observed and one-tenth of it added to the top of the 
mercury meniscus, in order to determine an imaginary point 
through which to sight the two specks of dust on the mercury in 
the bulb. The volume of the residual gas is recorded and the 
barometer observed and corrected. 
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A large number of determinations have been made, many of 
them with carefully predetermined CO, contents; one of these 
determinations will show how the corrections were applied. 

A solution having the same salt content as ocean water was 
prepared in a glass-stoppered volumetric flask from neutral 
salts, distilled water that had been boiled and cooled in a stream 
of CO.-free air, and Na.CO; that had been prepared from 
“reagent”? NaHCO; by heating in a platinum dish for 30 min- 
utes, cooling in a desiccator, and weighing with standard weights. 
10 ee. of this artificial sea water were calculated to contain 
0.687 ec. of COs. 

The gas burette of the apparatus was calibrated with water 
while in the usual position, so that no further correction had to 
be applied to the actual volume of the gas. The remaining 
corrections were taken from the tables of Landolt-Bérnstein- 
Roth. The temperature of the room was kept within 0.1° of 20°. 
The absorption coefficient of the sea water for COs was taken 
as 0.777, from the work of Bohr.!. The barometer was compared 
with a standard barometer, and corrected for gravity. Since 
there was 2 mm. capillary depression in the gas burette, this 
amount was subtracted from the corrected barometer reading, be- 
fore making the calculations. 

The volume of sea water above the mercury was read at 0.065 
ec., but 0.014 (the combined volumes of the two menisci) must 
be added, making 0.079. The CQ, as gas was equal to the total 
gas (0.778) minus the gas after absorption (0.195) or 0.583. 
The partial pressure of CO. on the water above the mercury was 
0.583 + 0.778 = 0.7494 (of an atmosphere). The CO» absorbed 
by this water was 0.7494 0.079 X 0.777 = 0.04601. There- 
fore the CO. pumped out of the water was 0.04601 + 0.583 = 
0.62901. Since this gas was expanded to 39 cc. when the mer- 
cury was lowered to the 50 ec. mark, the 11 ce. of water were 
under a partial pressure of 0.62901 + 39 = 0.01613, and con- 
tained 0.01613 * 11 & 0.777 = 0.1378 ee. of COs. Therefore 
the total CO. was 0.62901 + 0.1378 = 0.76681. The barometer 
(corrected) was 742.5 mm. and the log of the correction for tem- 
perature and pressure is about —1+0.947196. The log of the 
volume is about —1+0.885; therefore the cotal CO, reduced to 


1 Bohr, C., Ann. Phys. u. Chem., 1899, Ixviii, 500. 
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0° and 760 mm. is 0.6794 or 0.2 per cent too high. It should be 
noted that for great accuracy, the exact Cl content or salinity 
of the water should be determined and the absorption coefficient 
varied accordingly, but for most purposes it is sufficient to take 
the salinity of ocean water as about 35 per thousand, or Cl content 
as about 19 gm. per liter, in which latter case the absorption 
coefficient for COs is 0.765 at 20°. 
TABLE I. 
Correction to Be Added to the Observed Volume of Water over the Mercury, 
on Account of the Meniscus Above and Below. 


Length of tube 


containing 
1 cc., mm......50 60 70 80 90 100 =110 120 130 140 150 
Correction, cmm..24 17 15 18.5 12.5 11.7 11.0 10.3 9.7 9.2 8.7 


TABLE Il. 
Absorption Coefficient of Sea Water for COz when the Te mperature and 
Chlorine per Kilo of Sea Water Are Known. 
18 gm. of Cl per kilo = 18.42 gm. per liter at 20° and 20 gm. per kilo 
= 20.5 gm. per liter at 20°. The absorption coefficient is given in cc. 
absorbed from one atmosphere of CO, by 1 liter of sea water. 





Temperature, °C... | 20 | 21 | 22 | 23 | 2@ | 25 | 26 | 27 | 28 | 29 | 30 
Cl = 18 per mill .| 772) 750) 730) 718) 688) 667) 652) 638) 624 610) 596 
Cl=19 “ “ ......| 767| 745] 725| 714) 684] 663] 648) 634] 620] 606| 592 
( 


pear .| 761) 740) 720) 710) 680) 659) 644) 630) 616) 602) 588 


Where sufficient skill is acquired to work rapidly, the second shaking 
and reading of the volume of water above the mercury may be omitted. 
A rubber tube of larger bore is used so that the mercury will rise so 
rapidly that little CO, is absdrbed by the moisture on the walls. The 
first shaking is then the only,shaking necessary and it may be done more 
rapidly with the apparatus ir the vertical position. The absorption of 
CO, is delayed in hot weather by a film of vaseline from the stop-cock. 
It is better to grease the stop-cocks with a mixture of chicle, soft par- 
affin, and as little vaseline as possible. 
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THE STANDARDIZATION OF A NEW COLORIMETRIC 
METHOD FOR THE DETERMINATION OF THE HY- 
DROGEN ION CONCENTRATION, CO, TENSION, 
AND CO, AND O: CONTENT OF SEA WATER, 

OF ANIMAL HEAT, AND OF CO, OF THE 
AIR, WITH A SUMMARY OF SIMILAR 
DATA ON BICARBONATE SOLU- 

TIONS IN GENERAL.* 


By J. F. McCLENDON. 


(From the Physiological Laboratory of the University of Minnesota, 
Minneapolis.) 


(Received for publication, March 14, 1917.) 


The experiments on which this paper is based were all done 
by the author, but some of them have already been published 
(McClendon and Magoon, McClendon, 1916, b, and McClendon, 
Gault, and Mulholland). The main object of the present paper 
is the extension of this previous work by means of the new and 
slightly more reliable apparatus herein described. Sea water is 
much more difficult to investigate than blood, owing to its low 
buffer value and low CO, tension. It requires great care to 
measure 0.01 mm. in CQO, tension, and yet this is about 4 per 
cent of the COs tension of the sea. After the CO», tension is 
determined it may be changed by the solution of glass. The 
difficulties of making determinations with the hydrogen electrode 
are increased as the buffer value is lowered. 

A Leeds and Northrup potentiometer and a 0.1 N KC] calomel 
electrode were used.!. The mercury was redistilled in a Hulett 
still. The hydrogen electrode is shown in Fig. 1 as set up for 


* Some of the apparatus was bought with a grant from the research 
fund of the Graduate School, and some was borrowed from the Marine 
Laboratory of the Carnegie Institution. 

! Electrolytic calomel for this was kindly sent me by Professor G. A. 
Hulett. 
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the passage of the H, + CO, mixture through it. It was made 
of a tube of 24 mm. bore with a stop-cock at each end and a gold 
disk welded to a platinum wire fused through the glass. The 
gold disk was covered with palladium black by electrolyzing a 
1 per cent filtered solution of palladium chloride, using a small 
platinum wire as anode. A 4 volt current was used, but this 
had to be cut down by reducing the size of the anode, especially 
at the beginning. If the palladiumization proceeds too fast, 
the palladium black does not stick to the cathode, but breaks 
off and moves to the anode in a cloud. After the electrode had 
been used a few times the black was dissolved off by concen- 
trated nitric acid, and deposited anew.” 

The gas mixture was admitted into the electrode by a swivel 
joint ground so true that it could be effectively closed with a water 
seal. The electrode was rotated 400 revolutions per minute by 
means of a Tiffany motor operating on a cork wheel or pulley. 
If the electrode contained only 2 ec. of sea water and its CO, 
tension at the start did not differ from that of the gas mixture 
more than 0.1 mm., equilibrium was reached by the passage of a 
liter of the gas mixture in the course of 30 to 40 minutes. 

The gas mixer is also shown in Fig. 1 and is of 1 liter capacity, 
with the upper portion graduated and so narrow that 0.00001 
liter can be read on it with ease. The 3-way stop-cock at the 
top allows the connecting tubes to be washed out with the gas 
to be introduced. Since the apparatus holds 25 pounds of mer- 
cury, the gas mixer and leveling bulb were wound with iron wire 


2 If the nitric acid is contaminated with chlorides or HCI, chlorine will 
be formed. If it is necessary to remove platinum black from electrodes, 
aqua regia is required and an abundance of chlorine is formed. The last 
trace of chlorine may be removed by electrolyzing a dilute solution of 
H.SO,, using the wlectrode as cathode. If, however, it is feared that a 
palladiumized electrode is contaminated with chlorine, it is safest to elec- 
trolyze distilled water with a higher voltage, as palladium black is at- 
tacked by mineral acids. The fact that palladium black is attacked by 
HCl may explain the rapid deterioration of palladiumized electrodes in 
gastric juice, which I have repeatedly observed. Another objection to 
palladium black is that it amalgamates instantaneously with ‘mercury. 
The surface of hydrogen electrodes is ‘‘poisoned’’ by so many different 
substances that it often seems impossible to find the cause of the trouble. 


Both oxidizing and reducing gases may poison it. 
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Fic. 1. Gas mixer and rotating electrode for determining the pH of 
a solution at any desired CO, tension. The gas mixer at the left is of 1 
liter capacity down to the mark just above the lower stop-cock, and the 
numbers on the upper narrow portion mark 0.0001 liter. The mixer is 
filled with mercury and the CO, generator connected through the trap 
that delivers CO, at atmospheric pressure, to the upper stop-cock, which 
is first turned so that the gas escapes at the top and later reversed so as to 
admit the desired amount of gas. These operations are repeated with H, 
and the mixer is filled with it down to the 1 liter mark at the bottom. The 
remaining mercury is shaken with the gas to mix it. The mixer is now 
turned around and connected with the rotating electrode on the right 
through the swivel joint closed by a water seal in the moist chamber. A 
similar water seal connects the right hand end of the electrode with a trap 
to prevent the backward diffusion of air. The electrode (containing 1 or 
more cc. of the solution) is rotated 400 revolutions per minute by means 
of the cork pulley belted to a Tiffany motor while the gas mixture is slowly 
passed through it by displacement with mercury in the mixer. The stop- 
cocks at the two ends of the electrode are closed, and the one nearest the 
palladiumized disk (having been left ungreased) is immersed in the KC] 
bath and a wire hooked in the projecting loop from the palladiumized 
disk. The reading is now taken in the usual manner. 
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Fic. 2. Van Slyke apparatus slightly modified for determining the total 
CO, in sea water. A rubber suction tube, 1 mm. bore and 1 meter long, 
connects the lower end with a leveling bulb with cylindrical sides and 
filled with mercury. By raising the bulb the apparatus is filled with 
mercury. The upper stop-cock is closed and the bulb lowered so as to 
exhaust the apparatus. The bulb is raised without opening the upper 
stop-cock. The traces of air are now collected at the top and are forced 
out on opening the upper stop-cock. By means of careful manipulation 
of a pipette and the upper stop-cock, 10, 15, or 20 ec. of sea water are ad- 
mitted, care being taken not to admit any air. It is permissible to leave 
one or two drops of this sea water in the 1 cc. cup at the top as this amount 
may be washed down by the introduction of 1 ec. of 2 N HCl in the same 
manner. A drop of mercury is placed in the cup to seal the stop-cock and 
the bulb lowered until the mercury falls to the etched mark near the bot- 
tom of the 100 ec. chamber. The lower stop-cock is closed and the appa- 
ratus is shaken laterally in the vertical position as vigorously as possible 
for 2 minutes (in case 20 cc. of sea water was used, 4 minutes). The sea 

yater is now trapped off in the trap, T, and the mercury allowed to rise 
in the 100 cc. compartment until atmospheric pressure is attained in it 
and the lower stop-cock closed. At the end of 1 minute the amount of 
sea water above the mercury in the 1 ce. gas burette is measured, calcu- 
lation being made for the two menisci. The apparatus is laid on its left 
side on a cushion and agitated 1 minute after the air is in the wide por- 
tion of the 100 ce. chamber. The apparatus is then clamped upright, the 
lower stop-cock opened, and the mercury levels are adjusted by means of 
ascrew. The air volume in the 1 ce. burette is carefully measured. 1 ce. 
of 0.5 to 1.0 Nn NaOH is admitted from the cup into the gas burette to ab- 
sorb the CO:. In leveling the bulb to measure the gas residue, one-thir- 
teenth of the height of the NaOH is reckoned as mercury. The total CO, 
that was in the original sea water is that absorbed plus that in the sea 
water above the mercury plus that in the sea water trapped in the trap, 
T. After these are calculated by means of the volumes, absorption co- 
efficient, and CO, tension, they are added together and reduced to 0° and 
760 mm. To do this it is necessary to know the barometric pressure and 
the capillary depression in the gas burette, which latter is subtracted 
from the former. 

In the following example on 10 cc. of 0.576 N sea water at 20°, the ab- 
sorption coefficient for CO: was 0.757, the barometric pressure 754 mm., 
and the capillary depression 2mm. The CO, absorbed was 0.405 ec. and 
the gas volume before absorption 0.59 cc., making the CO: tension 0.687 
(unity = barometric pressure). The sea water above the mercury was 
read as 0.075, to which was added the volume of menisci (0.0133) making 
0.0883. The CO, in this sea water was 0.0883 X 0.687 X 0.757 = 0.0459, 
which added to the absorbed CO: makes 0.4509. This occupied a space 
of 89 ce. over 11 cc. of acidulated sea water; hence there is in the trap 
as X< 0.4509 < 0.757 = 0.0422, which, added to that already calculated, 
makes a total of 0.4931 ec., and which, reduced to 0° and 760 mm., is 0.442 
per 10 cc., or 44.2 ec. per liter. Since the pH was 8.2 and the alkaline re- 
serve 25, the total CO». agrees with Fig. 4. 
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that was run through boiling sealing wax as it was wound on. 
After the gases were measured into the mixer, they were thor- 
oughly mixed by shaking up the little mercury remaining in it. 

The hydrogen was generated from zine and HeSO, and passed 
through a large and a small wash bottle of HgCle solution, and 
a small one of NaOH solution and one of HeO. When the small 
wash bottle of HgCle showed the first trace of discoloration with 
arsene, all the wash bottles were refilled. The CO. was gen- 
erated from marble and HCl and washed with NaHCO, and H,0. 
The gases were led to the gas mixer through traps (0, 0) that 
delivered them at atmospheric pressure, and a barometer in the 
same room was read during each experiment. 

When a liter of the gas mixture had been passed through the 
revolving electrode, the stop-cocks were closed. The ungreased 
stop-cock was immersed in the usual KCl] bath, a wire hooked 
into the platinum loop, and the electric potential determined. 
An identical gas mixture was made and passed through the elec- 
trode as before. If the potential remained the same, it was 
assumed that equilibrium with the gas mixture had been reached. 
In case it was desired to determine the total COQ. on the same 
sample it was necessary to have 10 cc. of sea water in the elec- 
trode. The total CO. was determined by means of a modified 
Van Slyke apparatus for determining the CQ, in serum (Fig. 2). 

All the determinations were made in a‘ constant temperature 
room automatically controlled within 0.2° by means of the ap- 
paratus previously described (McClendon, 1916, a). A damping 
vane in glycerol was added to the bimetallic thermoregulator. 
Some trouble was caused by arcing between the relay contacts 
carrying the 1,500 watt heating current. A lump of solder was 
placed on them so that it fell and rang a bell before a hot are had 
time to form. Since a man’s body heats 1 cubie meter of air 
about 0.5° per minute, rapid stirring of the air is needed. This 
was accomplished by means of a one-sixth horse power electric 
fan and two smaller fans. As the outdoor temperature varied 
from 0° to — 30°, no special arrangement for cooling the room 
was required, but the electric heat regulation was later found 
sufficient even with a window slightly raised and a vertical fan 
set in front of it. 
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Great care had to be taken in the manipulation of the Van 
Slyke apparatus and the reading of the menisci in order to reduce 
the error below 1 per cent. The greatest difficulty was experi- 
enced in greasing the stop-cocks so that they would hold a vacuum 
without soiling the interior of the apparatus with grease, but 
this difficulty disappeared on reducing the bore of the stop-cocks 
to 1 mm. A mixture of equal parts of soft paraffin, vaseline, 
and chicle, melted together and thoroughly stirred was found to 
be the best stop-cock grease. It was thinned with vaseline for 
lower temperatures. A source of error, the magnitude of which 
has not been determined, is the holding of some COs by the thin 
film of sea water between the mercury and the glass, when the 
mercury is readmitted into the large compartment. This source 
of error is smaller in the modified apparatus. This error makes 
the values obtained too low, but in the standardization of the 
apparatus with NaeCO,; solution in CQO.-free distilled water, this 
error was so small as to be overcompensated by the absorption 
of CO, from the air by the solution in introducing it into the 
apparatus. In the case of sea water, some COs is rarely lost 
and never gained. 

The titration alkalinity or alkaline reserve was determined 
by titrating 100 cc. of sea water while boiling in an Erlenmeyer 
flask of resistance glass with 0.01. N HCl, using dibrom-o-cresol- 
sulfophthalein as indicator. It usually required 1 cc. more than 
by the usual method of titration with phenolphthalein. The 
latter indicator was discarded since it was thought to be affected 
by some of the weak, non-volatile acids in sea water, although 
not by boric acid. The 0.01 nx HCl is affected by the solution of 
glass about ten times as rapidly as 0.1 N acid (being noticeably 
changed in a month), and hence the stock solution was made of 
the latter and the former made from time to time by dilution. 
If « liberal supply of sea water is at hand, it is very desirable to 
make the titration on a liter of it with 0.1 N acid, as the end- 
point is not very sharp in any case. The water should remain 
yellow after vigorous boiling for 5 minutes after the last acid 
has been added. 

In the experiments on which this paper is based, all liquid 
volumes were determined at 20° and the solutions used at 10°, 
20°, and 30° without correction for volume change. The density 
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at 20° compared with distilled water at 4° is given. The con- 
centration of the sea water is indicated by the normality of the 
chloride titration with silver nitrate and may be reduced to gm. 
per liter by multiplying by 35.46 and gm. per kilo by dividing the 
product by the density. The alkaline reserve is indicated by 
the number of ce. of 0.1 N HCl required to titrate a liter of the 
sea water. The total CO, is expressed as the number of ec. of 
dry CO. at 0° and 760 mm. that may be evolved from a liter of 
sea water by adding acid and boiling (but as stated above, the 
results are within the limits of accuracy of the micro method). 
The CO, tension is expressed as mm. of mercury, and may be 
reduced to atmospheres by dividing by 760. The pH was deter- 
mined by the hydrogen electrode at the same temperature at 
which the CQO. tension was regulated, but it was also found that 
the pH is not perceptibly affected by temperature provided there 
is no gain or loss of CO.. The temperature change in hydrolysis 
of alkaline carbonates is compensated by the change in the dis- 
sociation of water. 

Besides the Tortugas sea water previously investigated, deter- 
minations were made on 0.5366 N sea water from near San Diego’ 


(alkaline reserve = 23.5, determined density = 1.0238), on 
0.513 N sea water from Woods Hole, Massachusetts (alkaline 
reserve = 24, determined density = 1.0225), and especially on 


0.576 N sea water (alkaline reserve = 25, determined density = 
1.0254) taken from the Gulf Stream off Miami, Florida, and 
examined immediately on-arrival by express. No difference was 
detected between these sea waters in the relation of COs tension 
to pH. The relation of the total CO. to pH was affected only by 
the alkaline reserve (within the limit of error of the micro method). 

It was found that the pH plotted against the logarithm of the 
CO, tension made a very gentle curve at higher COQ, tensions. 
Within the limits given in Fig. 3 it was indistinguishable from a 
straight line (7.e., the curvature is within the limits of error of 
the determinations). If the CO. tension remains constant the 
pH varies directly with temperature, 1° corresponding to 0.01 


3’ This was sent by the Scripp Institution of Biological Research. The 
water from Woods Hole was sent by Professor A. W. Johnston, and that 
from Florida was taken by John Mills of the Carnegie Marine Laboratory 
and sent by Dr. Alfred G. Mayer. 
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pH. 


CO. tension of sea water from the pH and temperature. These 


Fig. 3 may be used as a conversion table for finding the 


values compare favorably with those of Henderson and Cohn in 
so far as comparison may be made. 

When the pH is plotted against the total COs, the curvature 
is possibly greater, but the limits of error are greater, and the 
graph shown in Fig. 4 is as accurate as it has been possible to 
make from the data so far accumulated. This figure may be 
used as a conversion table for finding the total COQ. from the pH 
and the alkaline reserve. The lines are not straight if extended. 
In one determination at pH 7.4 and alkaline reserve 25, the total 
CO. was 54 ec., whereas by the extended chart it would be 57 ce. 

Since there is from twenty to thirty times as much CO» in the 
sea as in the air, the small surface of contact of these two cannot 
locally affect the CO. content of the sea water very much. The 
oxygen content of the sea water is more significantly affected, 
since it varies with the climatic zones, but the exchange of ©. 
between sea and air is probably very slow. To the extent that 
the sea is a closed system, O» varies inversely to COs, due to the 
action of organisms, the possible error being 30 per cent. We 
may therefore use Fig. 4 for finding the oxygen content of sea 
water, provided the pH and alkaline reserve are known, and on 
the assumption that the respiratory quotient is unity and that 
a kilo calorie will raise the temperature of a liter of sea water 1 
It is obviously impossible to use these data in any attempt to 
determine the respiratory quotient of a marine animal in a sealed 
jar of sea water, but the data are valuable in indicating the limits 
of the oxygen supply, since the respiratory quotient of animals 
has been found to vary within narrow limits (0.7 to 1.0). The 
animal heat per ee. of COs. produced by the burning of carbohy- 
drates is about 5 gm. calories, of proteins about 5.9, and of fats 
about 6.6. The error in estimating the total animal heat with 
the aid of Fig. 4 will be great only in case the respiratory quo- 
tient varies greatly from unity; 7.e., when a large proportion of 
fats and proteins is burned. It seems to be a fact that no gill- 
breathing animal has a temperature more than 2-3° above the 
surrounding water. After an inspection of Fig. 4 it seems in- 
credible that even the recorded temperatures of aquatic animals 
could be maintained. The oxygen necessary for the generation 
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of heat must be carried from the gills to the interior by an aqueous 
fluid of high specific heat, and it would appear that the heat trans- 
fer must be nearly as effective as the oxygen transfer. The pos- 
session of hemoglobin, thus facilitating the oxygen transfer, 
should, however, allow a slightly higher body temperature to 
be maintained. A parallel case is indicated by Dallwig, Kolls, 
and Loevenhart in the comparison of the oxygen necessary to 
support a flame and maintain the temperature of a mammal. 
The flame can be maintained in 20 mm. QO. tension made by 
rarefying the air, because the decreased oxygen content of the 
air is compensated by the decreased conduction of heat. But 
the flame is extinguished at 116 mm. Os» tension made by diluting 
the air with nitrogen, because its specific heat is maintained. 
The mammal is unaffected by either process down to 40 mm. O. 
tension and perhaps farther, because the heat conductance de- 
pends largely on the specific heat of the blood, which is constant. 

It follows from Figs. 3 and 4 that the total CO. plotted against 
the logarithm of the COQ. tension forms a straight line. If Fox’s 
data are plotted in this way, a straight line is approximated 
only for low CO, tensions. He used 500 ec. samples and hence 
his determinations were probably far more accurate than mine. 
He aviermined the CO, tension by titrating the CO» in air shaken 
with the sea water (and the sea water left in the bottle) by the 
Pettenkofer method. Perhaps the limits of error of this method 
could include the differences between Fox’s data and mine. Or 
perhaps the air Fox analyzed had not come to equilibrium with 
the sea water. Fox discarded whole series of his data, and those 
remaining closely followed an empirical formula. I am not at- 
tempting to overthrow the determinations Fox made with his 
elaborate gas analysis apparatus by means of a micro method 
designed for other purposes than that for which it was used. I 
can only say that the two sets of data are for the present uncer- 
tain. It may be significant that his pH data are unreconcilable 
with mine. He determined these with the hydrogen electrode 
and also calculated them from the law of mass action and found 
the pH of sea water to be about 6, whereas I find it to be about 
8. In this my results are in harmony with those of Palitzsch, 
Henderson and Cohn, and others. 
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Since Figs. 3 and 4 may be used as conversion tables provided 
the two titrations are made and the temperature and pH are 
determined, it seems desirable that a method be perfected for 
determining the pH on shipboard or in poorly equipped labora- 
tories. The colorimetric method is the only one adaptable, 
and phenolphthalein is objectionable because errors in concen- 
tration simulate changes in pH. The buffer mixtures in use 
have a very different salt concentration from sea water, and the 
salt error has to be determined for every new indicator. For 
these reasons it seemed desirable to use the new indicators recom- 
mended by Lubs and Clark with buffer mixtures having the same 
salt concentration as sea water. Sea water varies in concentration, 
but the range from 0.4 to 0.6 .N is perhaps great enough for all pur- 
poses. It was also desirable to increase the concentration of the 
buffers so that they will be less affected by the solution of glass. 
Since the solubility of buffers is reduced by the increase in salt 
concentration, the latter was made to correspond to 0.4 N se: 
water and a slight correction applied for 0.5 N sea water and a 
greater one for 0.6 N sea water. In actual practice the correc- 
tion for 0.5 N sea water has already been made on the labels on 
the sealed tubes of buffers. A correction of 0.05 pH is then 
indicated for 0.6 N sea water and a similar correction but in the 
reverse direction for 0.4 N sea water. The salt error between the 
buffer mixtures and 0.5 N sea water was redetermined with the 
hydrogen electrode a large number of times at different tem- 
peratures and for both thymolsulfophthalein and _ o-cresolsul- 
fophthalein, and likewise with 0.6 N sea water, but I do not be- 
lieve this absolutely necessary. A moderate dilution of sea 
water with distilled water does not appreciably change the pH 
if the CO, tension is near that of the atmosphere and it is not 
agitated with or exposed to the air. It is then only necessary 
to dilute the sea water to determine the salt error with any new 
indicator, taking the 0.4 N sea water as the standard for the calecu- 
lation of the correction in the pH of 0.5 and 0.6 N sea water. The 
salt error for the above indicators holds for phenolsulfophthalein 
and probably for all sulfophthalein indicators. 

The buffer mixtures are made from two stock solutions ‘boric’ 
and “borax,” kept in Squibb’s automatic burettes provided with 
soda-lime tubes. The distilled water used in making them is 
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boiled 15 minutes to rid it of COQ. and cooled in a tightly stop- 
pered, narrow necked flask or by means of a stream of CO:-free 
air. The boric acid is recrystallized and dried in a desiccator 
(not by heat). The borax is reerystallized and dried in dry air 
short of efflorescence. The NaCl should be pure, but drying by 
heat is unnecessary because the error due to occluded moisture 
in the crystals is too small to cause a noticeable difference in the 
color of the indicators. 

The “boric”? contains 18.6 gm. of boric acid and 22.5 gm. of 
NaCl to the liter. 

The “borax” contains 28.67 gm. of borax and 19 gm. of NaCl 
to the liter, and has the same salt action as the “boric” on the 
indicators. If kept at a low temperature, borax crystallizes out 
and must be made uniform in solution before mixtures are made. 
The same applies to the mixtures. The desired indicator is 
added to the stock solutions to the extent of 10 mg. to the liter, 
or added to the mixtures in the same proportion. In order to 
avoid dilution of the buffers and also to avoid the necessity of 
weighing the indicator for each solution, it was made up in 0.1 
per cent solution in alcohol redistilled over sodium. Thymol- 
sulfophthalein requires the addition of a little NaOH to get it 
into solution at this concentration and hence the solution be- 
comes less sensitive if allowed to absorb CO... If 0.01 per cent 
aqueous solution of the indicator is used for addition to sea water, 
the concentration of the sea water after the addition is used in 
calculating the salt error, since this dilution of 10 per cent corre- 
sponds to 0.025 pH in the salt error. 

30 ce. of each mixture containing the indicator were sealed up 
(by fusing the glass) in a ‘‘ Nonsol’’ test-tube of exactly 24 mm. 
bore without introducing CQ, from the blast lamp. Since these 
indicators are impure, it is necessary to test each lot, both as to 
concentration and range. The concentration may be tested by 
comparison with a sealed tube of the original indicator in distilled 
water, the concentration being the same as in the mixtures. In 
order to test the range, it is necessary to save samples of the stock 
solutions without indicator. This may be done by making mix- 
tures, one near the middle or one near each end of the range of 
the indicator and sealing them in ‘ Nonsol’”’ tubes. It is then 
only necessary to cut off the tip of the seal and introduce the 
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new sample of indicator in order to test it. The “boric’’ allows 
the growth of mold, but the “borax’’ is antiseptic. The tubes 
containing a large proportion of “boric’’ should be sterilized by 


immersion in water up to the air space and boiling the water. 

TO facilitate comparison of the tubes, a colorimeter was made 
by placing stereoscope prisms together in a sharp line and placing 
two of the tubes at such a distance behind them that the centers 
of the images were brought together in a sharp line. A thin 
milk-white (opal) glass was placed immediately behind the tubes 
to disperse the direct sunlight or mazda light passed through 
“daylite” glass. 

The mixtures are given in the table on the following page. 

The salt action on the indicators is approximately directly 
proportional to the salt concentration over the range from 0.1 to 
0.6 N, the difference in salt error of two sea waters being one-half 
to three-fifths the difference in normality, and increase in salinity 
causing the same color change as increase in alkalinity (increase 
in pH). 

The useful range of o-cresolsulfophthalein is from the first of 
the series to pH 8.5 and of thymolsulfophthalein from 7.9 to the 
last of the series. For the surface water of the open sea one 
indicator is about as good as the other, except in the tropics, 
where thymolsulfophthalein is the best. In the study of the 
respiration of marine animals o-cresolsnlfophthalein or a-naph- 
tholsulfophthalein should be used. 


A more or less definite relation between the pH and the solubility of 
calcium salts in the sea water seems to exist. Dittmar showed that there 
is less calcium in the surface waters than in the deep waters of the ocean, 
and Sérensen and Palitzsch showed that the pH is higher in the surface 
waters. It is difficult to study this question in vitro, owing to the relative 
stability of the supersaturated solutions of CaCOs, and the existence of it 
in solid form as aragonite, calcite, lublinite, and vaterite, with different 
solubilities. Presumably the surface water over lime mud flats in the 
tropics is saturated with calcite, or nearly so. If CaCl, is added to this 
water, in the form of a concentrated solution. no precipitate occurs, but 
if the pH is only slightly increased, CaCO, begins to deposit on the glass, 
and it takes relatively little increase in the pH to cause a precipitate 


‘The sealed tubes and colorimeter may be obtained from Hynson, 
Westcott and Dunning, Baltimore. The tubes are labeled for 0.5 N sea 
water. 
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DH of sea water. 





“Boric “s *Borax.”” ee ee ee “Borie ” “Borax - 
0.4N; allin-| 0.5.N; sulfo | 0.6 N; sulfo- 
dicators. phthalein phthalein. 
per cent per cent ce. cc 
79.5 20.5 7.50 7.45 7.40 23.90 6.1 
78 22 7.55 7.50 7.45 23.4 6.6 
76 24 7.60 7.55 7.50 3% 1.2 
74 26 7.65 7.60 7.55 22 .2 
72 28 7.70 7.65 7.60 21.6 8.4 
70 30 1.40 7.70 7.65 21.0 9.0 
68 32 7.80 7.78 7.70 20.4 | 9.6 
66 34 7.85 | 7.80 7.45 19.8 10.2 
64 | 36 7.90 | 7.85 7.80 19.2 10.8 
62 38 7.95 7.90 7.85 18.6 11.4 
60 40 8.00 7.95 7.90 18.0 2.0 
58 42 8.05 8.00 7.95 | 17.4 | 12.6 
56 44 8.10 8.05 8.00 16.8 13.2 
54 46 8.15 8.10 8.05 16.2 13.8 
52 | =48 8.20 8.15 8.10 | 15.6 | 14.4 
51 49 8.22 8.17 8.12 15.3 14.7 
49.5 50.5 8.25 8.20 8.15 144.85 | 15.15 
7 53 8.30 8.25 §.20 14.10 | 15.9 
44.5 55.5 8.35 8.30 8.25 13.45 17.55 
2 58 8.40 8.35 8.30 12.60 17.4 
39 5 60.5 8.45 &§.40 8.35 11.85 18.15 
37 63 S.50 8.45 S.40 11.10 18.9 
34.5 65.5 8.55 8.50 8.45 10.35 19.65 
32 68 8 60 8.55 8.50 9.6 20.4 
29 71 S.65 S$. 60 $8.55 8.7 21.3 
26 7 S.70 8.65 8.60 ie 6k SES 
23 77 8.75 8.70 8.65 6.9 23.1 
20 80 8.80 8.75 8.70 6.0 24.0 
17 §3 S 85 8.80 8.75 5.1 24.9 
14 86 8.90 8.85 8 80 4.2 25.8 
11 89 8.95 8.90 8.85 3.3 | 2.7 
8 Q? 9.00 8.95 8.90 2.4 27 6 
4.5 95.5 9.05 9 00 8.95 1.35 | 28.65 
1 9.05 9.00 3.0 29.7 


99 9.10 





throughout the solution. The size of grain makes a difference in the sol- 
ubility of the precipitate, but if time for equilibrium is allowed, the small 
grains will change into less soluble crystals. According to Irvine and 
Young, sea water will dissolve 125 parts per million of crystallized CaCO. 
Rona and Takahashi determined the total Ca and the pH in mixtures of 
Na and Ca carbonates, bicarbonates, and chlorides, in contact with pre- 
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cipitated CaCO;. The concentration of the chlorides varied, but the 
alkaline reserve was about 160 in each. The following table gives the pH 
and the normality of } Ca. 
pH 6.65 6.80 6.89 6.97 7.03 
4 Can.. i 0.00985 0.0064 0.00492 0.00455 0.00405 
In sea water the pH is about 8, the alkaline reserve is about 25, and the 
normality of } Ca about 0.1 The greater solubility of Ca in sea water 
notwithstanding the greater pH is due to decreased concentration of total 
CO, and possibly to the increased concentration of chlorides. Since the 
chlorides are nearly constant and the alkaline reserve, total CO., and Ca 
are interdependent, any change in the pH must cause a change in the 
solubility of Ca. When the pH is sufficiently raised, CaCQ, is precipitated 
and the Ca content and alkaline reserve are lowered. At present the law 
of mass action cannot be applied to such complex mixtures containing diva- 
lent salts whose second dissociation constant is unknown. Harkins and 
Pearce found that the addition of a salt with a common polyvalent ion 
may increase rather than decrease the solubility of a polyvalent salt. It 
is possible that the presence of CaCl. may increase rather than decrease 
the solubility of CaCO, in sea water. The solubility product law as ap- 
plied to univalent salts does not apply without modification to polyvalent 
salts of certain types. 


In a previous paper (McClendon, 1916, 6) 1 described an ex- 
periment in which the CO, tension of the air was determined by 
drawing it through sea water and then determining the pH of 
the sea water. A considerable time was required to reach equi- 
librium, and therefore special precautions had to be taken to 
prevent contamination or evaporation of the sea water. In 
order to avoid these precautions, | have experimented with bi- 
carbonate solutions of such low alkaline reserve that equilibrium 
is reached quickly. In the meantime Higgins and Marriott 
published similar experiments, but their method was not sensi- 
tive enough for my purposes. I found that the pH of a 0.0003 N 
NaHCQ, solution as measured colorimetrically with phenolsul- 
fophthalein and Sérensen’s phosphate mixtures changed with 
low CQ. tensions as shown in Fig. 3, for 20°. The pH varied 
directly with the temperature, 1° corresponding to 0.01 pH. 
Hence the 0.0003 N line in Fig. 3 may be used as a conversion 
table to find the CO, tension of the air from the pH and temper- 
ature. If the temperature is 19°, 0.01 is added to the pH before 
using the conversion table, and if the temperature is 27°, 0.07 is 
subtracted from the pH before using the conversion table. 
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The phenolsulfophthalein was made up in 0.04 per cent solu- 
tion in absolute alcohol and 5 ec. of it were added to 300 ec. of 
the phosphate solutions. The latter, M15 solutions of KH2,PO, 
and NasHPO,, were mixed in the following proportions: 


pH Na:HPOs | K HePO, pH NasHPO, K HePO; 
00 | 18.2 

05 | 19 
10 19 
15 | 20 
.20 21 
25 *) 
30 


3d 


40 24. 
15 24 

50 25.3 
55 25 
60 26 
65 26 


70 26 


Jag ey ey ey sj J 


These mixtures were sealed in ‘‘ Nonsol’’ test-tubes of exactly 
24mm. bore. The apparatus for testing the air was shaped sim- 
ilar to a Dutehman’s pipe. The bowl consisted of a short piece 
of ‘‘ Nonsol”’ test-tube of exactly 24 mm. bore, and the stem of a 
piece of ** Nonsol” tubing of about 7 mm. bore and a meter long. 
About 10 ec. of 0.0003 Nn NaHCoOs solution, containing the same 
concentration of phenolsulfophthalein as the phosphate mixtures 
contain, was placed in the bowl of the pipe and suction applied 
to the mouthpiece by means of the mouth of the operator, so 
that the air passed up through the solution in bubbles in the 
pipe-stem. This process was continued until no further color 
change occurred in the solution, which was then allowed to run 
back into the bowl and its color compared with that of the sealed 
tubes. A thermometer was then placed in the bowl and the 
temperature of the solution determined. 

By making the bowl of the pipe 10 mm. bore, it was found 
possible to use Hynson and Westcott phenolsulfophthalein tubes 
made for determination of pH of blood dialysate, but with less 
accuracy. 

The main difficulty experienced has been in keeping a 0.0003 N 
solution of NaHCOs;. A gold flask would be too expensive and a 
pure silver flask hard to procure. It seems unwise to invest in 
a gold-plated flask without the guarantee that the plate will 
remain perfect. Ceresin bottles may be used, but ceresin and 
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rubber lacquer peeled off. I silvered the interior of a flask of 
resistance glass. The silvering peeled off in the upper part of 
the neck, and was affected by sulfur from the rubber stopper. If 


gold is burned on the glass in a layer thick enough to be opaque, 
it peels off. If the layer is thinner, it may stick for a long time. 
1 gilded one resistance flask as follows: Campana’s bright liquid 


gold was thinned with banana oil and poured into the flask and 
poured out, and dried thoroughly in an inverted position by 
means of a current of air. It was then heated in the blast lamp. 
Perhaps better results might be obtained by substituting regular 
thinner made for china painter’s gold, and a china kiln. Irving 
Langmuir has described’ a process of gilding by volatilizing gold 
on an electrically heated tungsten filament in high vacua. Ceresin 
bottles do not absorb the indicator and are perhaps the best for 
holding the bicarbonate solution colored with the indicator. 
The indicator undergoes some change in absolute alcohol. 

The time required for reaching equilibrium is lessened if air 
is passed through the stock solution of bicarbonate so as to re- 
move some of the COs. The stock solution may be made by 
passing CQ. or the breath through a NaOH or NasCQs solution. 
The more CO, the solution contains, the less it attacks glass, 
silica, and other flask materials, and rubber stoppers. Sulfur- 
free rubber stoppers are very desirable for closing the flasks. On 
a trip from San Francisco to Samoa and return, Dr. A. G. Maver 
found the CO. tension of air over the Pacific to vary from about 
0.23 to 0.8 mm. by this method, whereas the variation of the 
(‘Os tension of the sea surface was much greater and not cor- 
related with that of the air. This indicates that diffusion of 
CO, between air and sea is very slow. 

When the CO, tension is known, the per cent of COs, in the air 
may be found by multiplying by 100 and dividing by the baro- 
metric pressure in mm. 

In the determination of the COs of the air and in other studies, 
a number of NaHCO, solutions were investigated, as shown in 
Fig. 3. These were preliminary determinations, and no special 
accuracy is claimed for them. The chief source of error prob- 
ably lies in failure to reach equilibrium, as shown by the follow- 


5 Paper presented before the American Physical Society, 1916. 
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ing example on sea water. A rapid stream of CO.-free hydrogen 
was passed through a few ec. of sea water and at the end of 270 
minutes the alkali had been reduced to carbonate, but only a 
small fraction to NaOH, and yet CO: was being continuously 
eliminated at the end of the experiment. The experiments were 
accurate enough, however, to indicate, at least within certain 
limits, that at constant temperature the pH of these solutions 
is proportional to the logarithm of the alkaline reserve and in- 
versely proportional to the logarithm of the CQO», tension. If 
the CO, tension remains constant, a rise of 1° in temperature 
causes an increase of 0.01 pH, whereas if the total CO. content 
remains constant, the pH is not affected by temperature. At 
constant COs. tension and temperature, as shown by Fox, the 
total CO, is directly proportional to the alkaline reserve within a 
slight error equal to the CO, absorbed by distilled water under 
the same conditions. 

My experiments indicate, at least within certain limits, that 
the slope of the curves, as in Fig. 3, is the same for sea water, 
blood, and other biological media (except those exceptionally 
rich in phosphates) as it is for bicarbonate solutions. Neutral 
salts slightly decrease the hydrolysis of bicarbonate and decrease 
the pH. The chief buffer in these media is bicarbonate, and 
other buffers are not present, even in blood, in sufficient concen- 
tration to change the slope of the curve greatly, at least in its 
upper regions, but the buffer action of proteins in blood comes 
into play when the blood is made strongly alkaline by the elimi- 
nation of COs, the curve for blood in Fig. 3 being slightly in- 
correct in the lower CO, tensions. 

It would be of interest in this connection to know the conecen- 
tration of bicarbonate in normal blood, but the presence of 
phosphates and organic matter makes titration very uncertain. 
(The compensation dialysis method might yield somewhat more 
accurate results.) The bicarbonate concentration of different 
bloods is practically proportional to the total CO. content at the 
same CQO, tension, and hence Van Slyke’s method of determining 
the alkaline reserve of plasma might be used to determine the 
bicarbonate, provided the conversion factors from his units to the 
titration units were known. The bicarbonate content of blood 
does not often exceed 0.04 N, as will be shown ‘n a later paper. 
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Since the concentration of neutral salts is only about a fourth as 
great asinsea water, their effect in reducing the hydrolysis is slight 
The bicarbonate concentration is probably but little more than 
that of a pure bicarbonate solution that has the same pH at the 
same COs, tension and temperature, and hence could be estimated 
by means of a chart constructed on the same principles as Fig. 3 
but somewhat more accurate in this region. 

The above views seem to differ somewhat from those of Hen- 
derson and Cohn on sea water. Henderson and Cohn found it 
necessary to add 0.0015 mM H;BO; to a liter of alkaline NaCl 
solution in order to make it behave like sea water in regard to pH. 
My experiments were at variance to this, but since COs» tension is 
one of the most difficult factors to determine exactly, other methods 
seemed necessary to determine the concentration of non-volatile 
buffers in sea water. A serviceable method was found to be the 
titration of CO.-free sea water with CO.-free NaOH in the hydro- 
gen electrode. It is difficult to maintain the sea water and NaOH 
absolutely CO:-free, and the first trace of COs is immediately 
titrated as non-volatile buffer. By titrating directly into the 
electrode shown in Fig. 5 (after removal of the trap at the top) 
the results could be closely duplicated, and are shown in Fig. 6. 
The titration must be done rapidly and not carried beyond 
pH = 10 owing to the precipitation of (carbonates if present) 
phosphates (borates?) and finally hydroxides of Ca and Mg. 
Sea water has hardly more non-volatile buffer than artificial sea 
water previously described (McClendon, 1916,6). The con- 
centration of non-volatile buffer in Atlantie, Pacific, and Gulf 
Stream water is practically identical. On the contrary, the non- 
volatile buffer in the solution used by Henderson and Colin is 


very much higher in concentration. Boric acid was detected in 


all samples of sea water, but it is evidently in less concentration 
than 0.0015 m. The phosphoric acid quantitatively recovered 
from sea water is negligible. 

In attempting to confirm these findings by plotting the pH 
against the CO. tension, as was done by Henderson and Cohn, 
the first experiments were apparently vitiated by the presence 
of some air in the COy. At any rate very irregular results were 
obtained. In an attempt to clear up the doubt aroused by these 
results, a large number of determinations were made on a varied 
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Fic. 5. Hydrogen electrode for CO.-free titrations, for standardizing 
buffer mixtures, and determining the salt action on indicators (for which 
purpose its diameter is made the same as the colorimetric tubes). The 
tube admitting hvdrogen at the bottom is ground to fit the openings at 
each end of the electrode, so that the latter may be inverted when it is 
desired to change the height of the palladiumized disk. In making the 
electrometric titration the trap at the top is discarded, and the burette 
tip inserted in its place. Glass wool moistened with distilled water and 
wrapped around the burette tip serves as a trap to keep out O» from the 
air above. The lower ground joint is ungreased because it is immersed 
in the KCI bath for electrolytic connection with the calomel electrode. 




















o2 Epes 
82 A 
a. : 
| 

mn | 
s | | 
= | | 
Oo } 
3 + 5 6 ow 7 8 9 10 








Fic. 6. Electrometrice titration of CO».-free sea water and artificial 
sen waters. The pH is measured on the abscisse and the number of cc. of 
CQO.-free NaOH on the ordinates. The left hand ends of all the curves 
practically coincide, the right hand ends are marked as follows: A = sea 
water. B = artificial sea water of formula given by MeClendon (1916, 6). 
C = the same + 0.00017 m H;PO;. D = the same + 0.001 m H;BOs. 
I) = the same + 0.0015 m H,BO,. 
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series of solutions of alkaline reserve = 25, given in the following 
4 list: 


A. 0.0025 nN NaHCO;. 
B. 0.0025 “ zs + 0.025 wn NaCl. 


C. 0.0025 “ >: + 0.0025 “ CaCl. 
D. 0.0025 “ " +0.02 “ “ 
E. 0.0025 “ - + 0.025 “ MgClo. 


F. Artificial sea water, alkaline reserve = 25 (for formula see McClendon, 
1916, 6b). 
G. Artificial sea water + 0.0015 mM H;BOs. 
H. sg " . + 0.001 - ‘9 
“ “ce “ + 0.0008 “a “ 
“ «© + 0.00017 “ HsPO,. 


Some of these experiments indicate that } Ca‘ reduces the 
hydrolysis of the bicarbonate more than Na’ does, but this note 
is made merely as a suggestion for further research. The experi- 
ments in general indicate that small amounts of neutral salts or 
: non-volatile buffers have little effect on the pH at constant CO, 
tension. Some deviations from this rule were ascribed to im- 
purities in the salts. The CaCl, used in the last experiments 
was dissolved in absolute alcohol that had been redistilled over 
sodium, evaporated, fused in a platinum dish, dissolved in dis- 
tilled water, and carefully neutralized. 

Henderson and Cohn, using the indicator method of Palitzsch, 
record an effect of salinity on the pH of sea water at constant CO, 
tension. It is not clear whether they mean a simple change in 
the concentration of neutral salts or whether the alkaline reserve 
was also changed. If the neutral salts alone were changed, the 
change in pH was in the wrong direction for the effect of salts 











on the hydrolysis of bicarbonate, but was in the right direction 
i for the salt effect on phthalein indicators. According to my ex- 
: periments, neither the salinity nor the alkaline reserve in sea 
water of the tropical or temperate oceans change sufficiently to 
4 change noticeably the relation of pH to CO, tension, although 
i the alkaline reserve does change sufficiently to affect the total 
2 COs greatly. 
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I. Bleod Bicarbenate and Acidesis. 


Free carbonic acid is present in the body fluids in such concen- 
tration that it automatically converts into bicarbonate all bases 
not bound by other acids. The bicarbonate therefore represents 
the excess of base which is left after all the non-volatile acids have 
been neutralized and is available for the immediate neutraliza- 
tion of further acids. In this sense it constitutes the alkaline 
reserve of the body. The bicarbonate concentration of the blood 
is representative of that of the body fluids in general, and is nor- 
mally maintained at a definite level. Entrance of free acids 
reduces it to an extent proportional to the amount of the invading 
acid. 

While in data to be published in this and subsequent papers we 
believe that we have broadened the foundation of facts on which 
the above statements stand, the latter are either contained in 
the propositions laid down by Henderson (1908, b; 1909, b), as 
the result of observations by himself and others,' or are self- 
evident corollaries of those propositions. They establish the 
blood bicarbonate as a criterion of the acid-base balance of the 
body. Accordingly, for use in the present series of papers, we 
define acidosis as a condition in which the concentration of bicar- 
bonate in the blood is reduced below the normal level. The definition 
appears a necessary preliminary because of present confusion in 
the literature, different authors regarding acidosis differently as 
“acid intexication,” as a condition in which acetone bodies are 
formed, or as an actual increase in the hydrogen ion concentration 
of the blood. 

Acidosis in the sense defined may result, as in diabetes, from 
such an overwhelmingly rapid production of acids that even an 
apparently undamaged elin inating mechanism working at sev- 
eral times the usual rate cannot dispose of them. Or it may 
result, as in nephritis, from inability to eliminate acids even at 
the moderate rate at which normal metabolism produces them. 
In either case the retained acid decomposes body bicarbonate, 
forming in its place the salt of the invading acid. 

' Henderson’s monograph and the papers by Henderson and Palmer 
contain so complete an exposition of the mechanism by which phosphates 
and the kidneys assist in maintaining body neutrality that this portion 
of the subject is given minimum consideration in the present paper. 
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The bicarbonate not only represents the alkaline reserve of the 
body, but its normal concentration in the blood is so definite that 
it constitutes a physiological constant. The blood plasma of the 
normal adult contains 50 to 65 per cent of its volume of CO. gas 
bound as bicarbonate. The limits of variation are similar in 
magnitude to those of the pulse rate. By utilizing as a standard 
the normal bicarbonate concentration we can reduce the term 
“acidosis” to as definite a meaning as ‘‘fever’”’ or ‘‘tachyeardia.”’ 
In each case a condition is indicated in which one of the physio- 
logical constants falls or rises to an abnormal level. The possible 
causes are numerous, but the result, in the case of acidosis a 
lowering of the blood bicarbonate, is an accurately definable and 
j determinable phenomenon. Like accelerated pulse rate or in- 
creased temperature, it may occur temporarily even in health, 
e.g., as the result of muscular exertion and the consequent lactic 
acid formation (Christiansen, Douglas, and Haldane, 1914). It 
is not necessarily a pathological condition in itself, but is a symp- 
tom of disturbed function. Like fever or tachycardia, however, 
acidosis in itself becomes a danger when it has reached a suffi- 
cient degree of intensity. 

The hydrogen ion concentration, C,, of the blood is a physio- 
logical constant even less variable than the plasma bicarbonate 
(Lundsgaard, 1912), the normal value of approximately 10-7 
being maintained with the utmost tenacity by the normal organ- 
ism. Nevertheless, as a standard for measuring changes in the 
acid-base balance, it appears less desirable than the bicarbonate, 
for the reason that, while the bicarbonate decreases progressively 
as soon as the normal excess of bases over acids begins to be 
depleted, rise of the blood C,, is usually one of the latest changes 
that follow. 

Benedict (1906) and Michaelis (1914, p. 105), for example, have 
observed in diabetic acidosis an increased C,, only after terminal 
coma had set in, and Peabody (1914) has made similar observa- 
tions in the acidosis of cardiorenal disease. In both types of cases 
coma occurs only after the blood bicarbonate has been reduced 
to a fraction of its normal value. 

The reason for the lateness of the stage at which increase in 
blood C,, appears is the fact that, until a large part of the bi- 
carbonate has been exhausted, the organism can, ‘by accelerated 
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a ae ., HeCO; . 
respiration, maintain the ratio? =——~—— in the arterial blood at 
NaH( Oz 


its normal value. And the C,, being directly proportional to 
this ratio, is thereby also kept normal. 


The manner in which the body uses carbonic acid and bicarbonate in 
order to maintain its neutrality has been most clearly described by Hen- 
derson in his monograph (1909, 6). The normal Cy is maintained by the 


oR . 
mechanism for keeping the Nalco, constant. From the law of mass 
action 

H,CO; . HCO; 


== CO"... ANaHCO, 

being the degree of dissociation of NaHCO; into Na* and HCO’; in the 
blood, and K the ionization constant of H-CO;. Since \ varies but slightly 
within the range of conditions encountered within the blood plasma, one 
may state that in the plasma the hydrogen ion concentration varies directly 

H:CO; 
NaHCO, 
shown that this law holds so accurately that he regards the determination 

H.CO; 
NaHCO, 
for determining blood hydrogen ion concentration. Whenever, either 
by increased rate of CO, production or by decomposition of NaHCO; by 


as the value of ‘the molecular ratio Hasselbalch (1916, b) has 








of the ratio as an even more reliable means than the gas chain 


° . I 2 3 ° ° e ° 
acid, the ratio ————— is increased, the Cy of the blood is proportion- 
NaH¢ O; 
ately increased, and stimulates respiration. More rapid ventilation follows 
H.CO; 


until the HCO; of the blood is so reduced that the normal ratio, 


NaHCO, 
and consequently the normal Cy, is restored. 

The respiratory response is so sensitive to this stimulus that Campbell, 
Douglas, Haldane, and Hobson (1913) observed that an increase of only 
1 mm. in the CO, tension accelerated the rate of ventilation 60 per cent, 
and Boothby (1915) has observed that the heart output is similarly in- 
creased in the effort to rid the body of excess CO». 


We find that plasma, obtained by drawing blood from the arm 
vein and centrifuging at once, contains at 37° and normal CO, 


* A minor portion of the combined carbonic acid of the plasma is, of 
course, neutralized by bases other than sodium; but as the acid-neutraliz- 
ing power of the strong bases does not differ greatly we follow Hender- 
son’s convenient practice of using ‘“‘NaHCO,’’ to indicate the total 
bicarbonate. 
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tension approximately 60 volume per cent of CO. gas bound as 
bicarbonate. The concentration of CO». in the form of HCO; 
calculated from the average arterial CO. tension of 42 mm. is 3 


42 
volume per cent =: x 100 X 0.54 = 3.0, 0.54 being the solu- 
bility coefficient of CO, in blood plasma at body temperature, as 
determined by Bohr). Consequently the normal ratio 


H:.00, 3 1 


NaHCO; 60 20 
a value which agrees approximately with that calculated from 
the known values of the constants in the equation? 


H,CO; rCe 


NaHCO; = K 

The process of accelerating ventilation and circulation in pro- 
portion to the fall in plasma bicarbonate, so that the ratio 

HCO; 
NaHCO; 
ently continue until acidosis is so intense that the respiratory 
and circulatory mechanisms are no longer able to eliminate car- 
bonic acid so rapidly as to keep its concentration down to one- 
twentieth that of the depleted bicarbonate. The level to which 
the bicarbonate falls before this failure of compensation occurs 
must vary with the sensitiveness of the nervous control and the 
efficiency of the respiratory and circulatory mechanisms, and has 
never been definitely fixed, although in diabetes and nephritis 
it appears to be a small fraction of the normal (Michaelis, 1914, 
p. 105; Peabody, 1914). 

To distinguish the stage of acidosis in which the respiratory 
mechanism no longer keeps the carbonic acid concentration 
of the arterial blood down to the normal fraction of approx- 
imately one-twentieth the bicarbonate, and in which consequently 
the C, actually does increase, Hasselbalech and Gammeltoft 


and the resulting C, are kept constant, can appar- 


3 The average Cy is approximately 0.35 X 10-7. According to Mich- 
aelis and Rona (1912), K = 4.4 & 10-7, \ for blood conditions = 0.605. 
From these constants, 

H.CO. 0.605 & 0.35 & 1077 1 
NoHCO; | 444X107 ~— 2 
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(1915) have already used the term “uncompensated acidosis,’ 
which seems well worth general adoption. So long, on the other 
hand, as the respiration, despite decreased bicarbonate, succeeds 
, ee he en 2CO; 
in keeping down to normal limits the NaHc« , 
quently the C,, the condition is one of compensated acidosis. 
We shall in future use this nomenclature. 

H.COs; 
NaHCO, 
of course, be expected only in arterial blood. The HeCOs of venous 
blood is inereased by absorption of CO. from the tissues. Con- 
sequently venous blood is less alkaline than arterial, and the dif- 


ratio, and conse- 


A maintenance of the ratio at a constant value can, 


ference must vary according to the activity with which the tis- 
sues perfused are producing carbon dioxide. As was shown by 
Zuntz (1868), the influx of CO, raises not only the HeCOs;, but by 
reactions such as NasgHPO, + HeCO;  NaHePO, + NaHCOs, 
also raises the NaHCO;. Consequently the arterial blood bi- 
‘arbonate must be accepted as the ideal measure of the alkaline 
reserve. In resting dogs, however, and therefore, it seems justi- 
fiable to conclude, in man, the differences between venous and 
arterial blood are small and fairly constant, the following being 
fair examples: arterial pH = 7.44, venous 7.41; arterial NaHCO, 
+ HeCO; = 50 ce. of COs per 100 ec. of blood, venous = 55 ce. 
The differences are such that analyses of normal venous blood 
drawn during rest and without stasis may be regarded as but 
slightly inferior in accuracy and significance to those of arterial 
blood. 

The sense in which we have used the word “acidosis” is not 
that given it by its originator, Naunyn (1906), who used the term 
to denote the abnormal metabolic condition in which hydroxy- 
butyrie acid is formed. - The departure from this use in the lit- 
erature has been a matter of evolution. Apparently because the 
word ‘‘acidosis” is suggestive of acids in general, rather than 
hydroxybutyric in particular, when other types of acid intoxica- 
tion were discovered they also were designated as acidoses. In 
this broader sense the term has in recent years been used in most 
of the important scientific papers in the field (for example, Hen- 
derson, 1909; Palmer and Henderson, a series of papers; Barcroft, 
1914; Sellards, 1914; Peabody, 1914; Howland and Marriott, 
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1916; Hasselbalch, 1916) ‘‘acidosis’” being employed to indicate 
the effect of acids of any type in altering the acid-base balance 
of the organism. We have followed these authors, rather than 
those who maintain the original hydroxybutyric acid definition 
of Naunyn. Despite the value of Naunyn’s great work, it ap- 
pears probable that the confused ideas of acidosis and acid intox- 
ication that have been general have been to a considerable degree 
due to his definition of the term, which does not differentiate 
ketone production, unaccompanied by significant effect on the 
acid-base balance of the body, from the condition in which the 
acids produced do lower or abolish the reserve of alkali. 

The formation of acetone bodies has a significance of its own 
quite apart from the secondary effect which may or may not fol- 
low on the alkaline reserve of the body. It indicates that fatty 
acids, derived either from fats or from amino-acids, are being in- 
completely oxidized. The products, 6-hydroxybutyric and aceto-- 
acetic acids, may or may not be so produced and eliminated that. 
they lower the internal alkaline reserve. We have observed an 
excretion of 20 gm. of acetone bodies, calculated as hydroxybu- 
tyric, per liter of urine without an abnormally low plasma bicar- 
bonate. It is desirable that the condition in which these sub- 
stances are produced be designated by a name indicating the spe- 
cific nature of the metabolic abnormality and not confusing 
it with the general question of the acid-base balance. Rowntree 
proposes that the excretion of acetone bodies be indicated sim- 
ply as “‘ketonuria,’’ while Allen (1917) suggests for the metabolic 
condition which gives rise to them the equally concise and specific 
name of “ketosis.” 


II. Other Methods for Detection of Acidosis Considered as Means for 
the Approximate Measurement of the Arterial Blood Bicarbonate. 


Most methods which have in the past demonstrated some de- 
gree of quantitative accuracy in indicating the clinical severity 
of acidosis are seen when analyzed to constitute approximate de- 
terminations, either direct or indirect, of the blood bicarbonate. 
The following are important examples. 
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a. Determinations Directly in the Blood. 


1. Titration of Blood.—Titration of the blood plasma or of the 
filtrate obtained after precipitating the proteins with a neutral 
reagent is one of the oldest methods used in the study of acidosis. 
The source of error lies in the fact that at the high C,, of the 
end-points usually employed the titrations measure, in addition 
to the bicarbonate, also an acid binding power of such buffers as 
the phosphates, and particularly the proteins, quite out of pro- 
portion to the amounts of acid which these substances bind within 
the C,, limits that occur in the blood during life. Nevertheless, 
the bicarbonate seems to be the chief cause of variations in the 
titration figures, and results obtained by this method have con- 
sequently been of definite value in developing a knowledge of the 
changes that constitute acidosis (Jaksch, 1888; Magnus-Levy, 
1899; Cullen, Paper III of this series). 

2. Determination of the Carbon Dioxide Content of Venous Blood. 
—The use of the carbon dioxide content (CO. from H»CO; and 
NaHCOs;) as a measure of the blood alkali dates back to Walter 
(1877), who, working in Schmiedeberg’s laboratory, showed that 
the venous carbon dioxide of rabbits could be reduced to one- 
tenth its normal height by injection of acids. The significance 
of the determination does not differ essentially from that of the 
bicarbonate of the venous plasma, determined as described in 
this paper. In so far as the results indicate the bicarbonate of 
arterial blood, which must be considered as the true or com- 
pensated blood bicarbonate, the source of error lies in the fact 
that the blood in passing through the capillaries into the veins 
takes up an amount of carbonic acid which is variable with the 
rate of oxidation in the tissues and of blood flow through them. 
As a matter of experience, however, when the blood is drawn 
from a large vein without stasis, the difference between the venous 
blood and arterial appears to be sufficiently constant so that the 
figures for venous total carbon dioxide run approximately parallel 
to those for the arterial bicarbonate. The failure of Walter’s 
method for detecting acidosis by determination of the venous 
CO, to attain general clinical use even in hospitals must, be 
attributed chiefly to the lack of a sufficiently simple technique 
for the determination. 
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3. Determination of the Carbon Dioxide Capacity of Venous 
Blood.—In order to restore the venous blood to the condition of 
arterial and thus avoid the possibility of the error outlined in the 
above paragraph, Christiansen, Douglas, and Haldane (1914) 
saturated the venous blood with air containing carbon dioxide 
under the tension existing in normal arterial blood. As illustrated 
by Experiment IX, the fall caused by acidosis in the carbon 
dioxide capacity of venous blood is proportional to, and there- 
fore a measure of, the fall in arterial bicarbonate. 

In choosing the routine method described in this paper for 
measuring the alkaline reserve we have given preference to the 
COs capacity of the plasma, rather than either the CO. content 
or the CO: capacity of venous whole blood, for practical reasons 
stated in the discussion of Experiment IX. 

4. Determination of the Reduced Hydrogen Ion Concentration 
of the Blood.—Hasselbalch (1916, a) saturated blood with carbon 
dioxide at 37° under 40 mm. tension and determined under these 
conditions the C,, which he calls the “reduced hydrogen ion 
concentration.”” The HCO; concentration being fixed by the 
constancy of the CO. tension and temperature, the hydrogen ion 
concentration determined must vary inversely as the NaHCOs, 
mt. — 

“ NaHCO; 
concentration” is therefore a measure of the blood bicarbonate. 

5. Determination of the Oxygen Affinity of Hemoglobin under 
Standard CO, Tension.—Barcroft and Peters (Barcroft, 1914, p. 
316) found that under changing CQO, tension the proportion of 
oxygen bound by hemoglobin depended on the hydrogen ion 
concentration. The value of the oxygen affinity constant, K, 


Hasselbalch’s ‘reduced hydrogen ion 


‘ ;, d Kx" . 

in the equation ~~ = ———— (y = percentage saturation of 
100 1+kKkx ~* 

hemoglobin with oxygen, x = oxygen pressure) varies inversely 


as C,. The results of Barcroft and Peters have been con- 
firmed by Hasselbalch (1916, 6). Since under a given CO, ten- 
sion the C, varies inversely as the NaHCQs, it is evident that 
the oxygen affinity under a given CO» tension is also an indirect 
measure of the bicarbonate; the NaHCO, fixes the C,, and 
through it the oxygen affinity. 
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b. Determinations on the Alveolar Air. 


1. Arterial Carbon Dioxide Tension (Haldane Method).—The 
alveolar air, as shown by A. and M. Krogh (1910) is in equilibrium 
in respect to its carbon dioxide content with the arterial blood. 
Consequently, in accordance with the law of gas solubility, the 
concentration of carbon dioxide in the alveolar air is directly 
proportional to that of free carbonic acid in the blood. And the 
latter has been shown (p. 293), with normal respiratory control, 
to be kept proportional to the bicarbonate concentration. Conse- 
quently the carbon dioxide concentration of the alveolar air is, 
through the intermediary parallelism of the blood HeCQOs;, kept 
proportional to arterial NaHCQ;. All three concentrations go 
up and down together, the blood bicarbonate fixing the level 
of the carbonic acid, and the latter that of the alveolar carbon 
dioxide. Consequently in normal individuals the Haldane deter- 
mination of the carbon dioxide content of air expired without 
previous holding of breath (Haldane and Priestley, 1905) indicates 
approximately the bicarbonate concentration of the arterial 
blood. Under pathological conditions, or under the influence of 
drugs, of decreased atmospheric oxygen tension, or of anxiety or 
excitement, the sensitiveness of the respiratory control may vary 
(Hasselbalch, 1912; Michaelis, 1914, p. 97; Higgins, 1915; Straub, 
1915; Peters, 1917; Stillman, Van Slyke, Cullen, and Fitz, 1917), 
so that the alveolar carbon dioxide is not under all conditions even 
an approximate measure of the bicarbonate reserve. Higgins (1914) 
found that even changing the position of the body from standing 
to lying could alter the alveolar CO, tension to the extent of 6 mm. 
Sonne (1915) has shown that a mechanical error may be added to 
those caused by changes in the nervous control. The air col- 
lected at the end of an expiration may fail to represent the aver- 
age alveolar air, instances in a normal subject being observed in 
which its CO. content was as much as 1.4 volume per cent (corre- 
sponding to 10.6 mm. tension, or one-fourth the total normal 
value) lower than the CO: content of samples of air taken near the 
middle of the expiration. Apparently the completeness of the 
gas exchange varies in different parts of the lungs. All sources 
of error together, however, even in pathological conditions, are 
in most of the cases encountered within such limits that the clin- 
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ical utility of carbon dioxide determinations in the alveolar air 
as a measure of the alkaline reserve of the blood is thoroughly 
established (Beddard, Pembrey, and Spriggs, 1915; Straub, 1915); 
although the fact that so many factors besides the alkaline re- 
serve of the blood can affect the alveolar carbon dioxide tension 
certainly makes the latter far from an ideal measure of the former. 

2. Venous Carbon Dioxide (Plesch Method.)—The Plesch method 
(Plesch, 1909; Porges and Leimdoérfer, 1915) differs from the 
Haldane in that the air analyzed, instead of being taken at the 
end of a single quick expiration, is breathed in and out of a rubber 
bag by the subject for 30 or 40 seconds. Consequently the carbon 
dioxide tension approaches more nearly that of the venous than 
of the arterial blood, the Plesch results being as a rule 4 to 6 mm. 
higher in carbon dioxide tension than the Haldane results. Since 
the venous carbon dioxide tension runs fairly parallel with the 
arterial, however, the Plesch results may be taken as indirect 
measures of the arterial bicarbonate, subject to the same errors 
as the Haldane results, and so to say, one degree less direct than 
the Haldane. An advantage of the Plesch technique is that it 
requires less cooperation on the part of the subject than the Hal- 
dane procedure, and has consequently been employed even with 
infants (Howland and Marriott, 1916). 


F 
c. Determinations in the Urine. 


1. Determination of the Acid Excretion —Since Magnus-Levy’s 
famous paper (1899) showed the significance of 6-hydroxybutyric 
acid as the cause of the acid intoxication in diabetic coma, it 
has been a matter of common observation that symptoms of acid 
intoxication in diabetes are usually accompanied by the excre- 
tion of large amounts of 8-hydroxybutyric acid, along with lesser 
amounts of acetoacetic, partly as ammonium salts, but also partly 
as free acids. That in diabetes the excretion of free acid plus am- 
monia by the kidneys bears a quantitative relationship to the 
blood bicarbonate concentration is demonstrated in the accom- 
panying paper by Fitz and Van Slyke. 

2. Alkali Retention.—The extremely practical alkali retention test 
devised independently by Palmer and Henderson (1913) and by 
Sellards (1914) appears also to be an indirect measure of the bi- 
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carbonate content of the body fluids, as represented by the plasma. 
Work by Palmer, which will shortly be published in this Journal, 
indicates that when the plasma bicarbonate (determined as de- 
scribed in this paper) has reached what may be called the critical 
level, near the upper extreme of the normal range, urine more alka- 
line than blood is excreted. The amount of bicarbonate which 
must be taken into the organism in order to turn the urine alkaline 
is approximately the amount necessary to raise the bicarbonate 
concentration of all the body fluids to this level, if the fluids are 
estimated at 0.7 of the body weight and assumed to equal the 
plasma in bicarbonate content. The amount of alkali necessary to 





administer in the retention test appears consequently to be pro- 
portional to the margin by which the plasma bicarbonate falls 
below the critical level at the time of administration, and there- 
fore constitutes an indirect measure of the plasrha bicarbonate. 





III. The Influence of Free Carbonic Acid Concentration in the 
Blood on the Plasma Bicarbonate. 


| The plasma bicarbonate concentration is influenced by the free 
| carbonic acid concentration, both of the whole blood at the time 
4 the plasma is separated from the cells, and of the plasma itself 


at the time the determination is made. The influence is exerted 
respectively through afifing the distribution of acids and bases 
between plasma and corpuscles, and through affecting reactions 
within the plasma itself. Both modes of influence must be con- 
sidered in connection with any method for determining the con- 
centration of plasma bicarbonate in venous blood, and we shall 
therefore discuss them from the standpoint of their effects on such 
determinations. 

a. Influence through Effect on Equilibria within the Plasma.—To 
a minor extent the bicarbonate of the plasma can be affected by 
the equilibrium between normal carbonate, bicarbonate, and car- 
bonie acid: 2NaHCO; > NaCO; + H.CO;. As shown by 
Bohr, however, the conditions of this equilibrium are such that, 
with the concentrations of free carbonic acid existing in the 
plasma during life, the proportion of NagCO; is from a quantita- 
: tive standpoint negligible, practically all the alkali not bound by 
other acid than carbonic being in the form of bicarbonate. 
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In a 0.155 per cent sodium carbonate solution (about the average car- 
bonate concentration of plasma) at 38°, and with the physiologically nor- 
mal carbon dioxide tension of 45 mm., Bohr calculated that 99.5 per cent 
of the sodium carbonate was in the form of bicarbonate, and confirmed 
the calculation experimentally within the limit of analytical error. Even 
at 12 mm. CQ, tension, which is seldom if ever observed in life except in 
premortal coma, 98 per cent was in the form of bicarbonate. Consequently 
one can, for quantitative purposes, regard the bicarbonate of the plasma 
as synonymous with its entire reserve of alkali in excess of that neutralized 
by acids other than carbonic. 


There are other equilibria than that between carbonate and bi- 
carbonate, however, which are more sensitive to changes in HsCO; 
concentration. If carbon dioxide escapes from a sample of plasma, 
the latter loses not only free carbonic acid COs, but also part of 
the CO. normally combined as bicarbonate, which undergoes 
partial decomposition by such reversible reactions as NaHCO; 
+ protein — H,CO; + Na proteinate. This reaction of the 
proteins appears in fact to be the one chiefly responsible for the 
variation in plasma bicarbonate caused by varying free carbonic 
acid (see Experiments II and III). (While in the cells the re- 
action NaHCO; + NaHePO,; = NazHPO, + HeCOs, studied by 
Henderson (1906), is important, in the plasma the phosphate 
concentration is too small to affect appreciably the bicarbonate 
(Greenwald, 1915).) If the HeCOs; falls greatly below normal 
even the reaction 2NaHCO,; H.COP + NaeCO; becomes ap- 
preciable. In each of these reactions a decrease in the free car- 
bonie acid results in a shift of the equilibrium from left to right, 
and consequently in a decrease of the bicarbonate. Thus Jaquet 
found that at 42.7 mm. CO, tension the bicarbonate CO, of a nor- 
mal plasma sample was 63.7 volume per cent, while at 17 mm. it 
was 58.5 per cent. The difference, though not great, is consid- 
erable, and becomes accentuated as the carbon dioxide tension 
is reduced still lower. Consequently in a solution such as the 
plasma the term bicarbonate content has a quantitatively definite 
meaning only for a definite concentration of free carbonic acid. 

One has the choice of two alternatives. One may vary the 
free carbonic acid in proportion to the bicarbonate, maintaining 
the 1: 20 ratio, and thus determining the genuine ‘“‘compensated”’ 
bicarbonate which exists in the arterial blood. Or one may make 
all determinations at a fixed and definite carbonic acid concentra- 
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tion. The first plan has the theoretical advantage of duplicating 
natural conditions, but is impracticable for a routine method, as it 
would necessitate the use of a different carbon dioxide mixture in 
saturating every plasma. We have therefore, in the method 
described in this paper, adopted the plan of saturating all plasmas 
with carbon dioxide under normal alveolar tension. This has the 
theoretical disadvantage that in extreme acidosis the bicarbo- 
nate determined is not quite so low as that actually existing in the 
arterial blood. The fall below normal, however, is parallel to 
that of the arterial bicarbonate (see Experiment IX) and, as a 
matter of fact, the absolute difference between results by the two 
methods is not great. For example, the plasma of a diabetic 
patient with marked acidosis showed, when saturated with CO, 
at the reduced alveolar COs tension of the patient, a bicarbonate 
yielding 23 ec. of CO2 per 100 ec. of plasma, while the figure ob- 
tained after saturating with CO. under normal tension was 26 
ec. We believe that under the conditions of constant CO. ten- 
sion chosen the results are no less definite in their significance than 
they would be if we attempted to approximate the varying CO: 
tension existing in arterial blood. 

b. Influence of Carbonic Acid on the Plasma Bicarbonate through 
Effect on the Transfer of Electrolytes between Plasma and Cells.— 
Giirber (1895) noticed that as the result of saturating the blood 
with carbon dioxide in vitro the titratable alkali of the plasma, 
which includes the bicarbonate, was increased. This phenomenon 
could be explained by assuming either that alkali diffuses from 
cells into plasma to meet the increased carbonic acid there, or 
that acids other than carbonic are, so to say, forced by the car- 
bonic from the plasma into the cells, leaving in the form of bicar- 
bonates the alkali with which they had been combined.  Giirber 
claimed that no potassium or sodium at all passed from corpuscles 
into plasma when blood was saturated with carbon dioxide, that 
the entire change was due to passage of HCl] from the plasma into 
the cells, the amount which passed being equivalent to the gain 
in titratable alkali in the plasma. As shown by Experiment X, 
however, the amount of HCl which disappears from plasma of 
blood saturated with pure CO, is equivalent only to about one- 
third the increase in bicarbonate. Hamburger (1916) has re- 
cently shown, furthermore, there is some transfer of K and Na 
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between plasma and cells. Consequently Giirber’s belief that 
transfer of HC] alone was responsible for the alkali shift caused 
by saturating blood with CO, does not hold. That the altera- 
tions which occur within physiological limits of CO. tensions are 
chiefly due to transfer of HCl appears probable, however (see 
Experiment X). The reaction in the plasma, the consequent 
HCl transfer, and reaction of the transferred acid with phosphates 
inside the cell may be formulated as follows: 


nemesis ares oat 


Plasma HCcl— Cell 


——— eee 
— 


2.¢., although the buffer salts may not readily pass out to neutral- 
ize acid in the plasma, the acid does pass in to meet the salts within 
the cells, so that the same effect is obtained in maintaining plasma 
neutrality. In fact Hamburger, to whose thorough researches 
we owe most of our knowledge in this field, has shown that it is 
highly probable that the corpuscles only typify the body cells in 
general, and that the transfer of acid to and from the latter is 
of such a nature that the plasma has practically all the buffer 
salts of the body at its disposal in maintaining its neutrality, 
despite the fact that it itself is not particularly rich in such salts. 
In confirmation of this view see Section 2 of the discussion of the 
results of Experiment LX. 

The magnitude of the effect on plasma bicarbonate which can 
be caused by such loss of carbon dioxide as may occur when blood 





is drawn into an open receptacle may be seen by reference to Ex- 
periment VII, while the extreme effects obtainable, on the one 
hand by removing CO. as completely as possible, on the other 
by saturating the blood with pure CO, gas, are shown by Experi- 
ment X. 

It is evident that in fixing conditions for the determination of 
the plasma bicarbonate as a measure of acidosis the concentration 
of free carbonic acid not only in the plasma at the time of the 
determination, but also in the whole blood at the time the corpuscles 
are separated from the plasma, must be considered. 

The ideal determination would be made on arterial blood drawn 
without loss of COs, for only in the arterial blood is the constancy 

H.CO; 


> —— ratio exactly maintained. The use of venous 
NaHCO, . 
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blood from human subjects being necessary, however, the near- 
est approximation to arterial conditions would be obtained by 
saturating the blood at body temperature with COQ, at such a 
H.CO; 
NaHCO, 
would be maintained. This can be approximated by saturating 


tension that the normal value of the ratio in the blood 


the blood at body temperature with the alveolar air of the subject. 
In clinical routine, however, such a procedure adds to the tech- 
nique a complicating factor which our experience indicates is 
unnecessary. An alternative would be to determine the ‘‘carbon 
dioxide capacity’ of the blood after saturating the whole blood 
with carbon dioxide at the average normal alveolar tension. This 
method and the practical drawback to its routine application 
are discussed on pp. 298 and 308. It proved in fact to be entirely 
practicable to centrifuge the blood as it was obtained directly 
from the arm vein. 


Method for Determining the Plasma Bicarbonate under Constant 
Dioxide Tension. 


I. Drawing Blood Sample—For at least an hour before the blood 
is drawn the subject should avoid vigorous muscular exertion, as 
this, presumably because of the lactic acid formed, lowers the bicar- 
bonate of the blood (Christiansen, Douglas, and Haldane, 1914; 
Morawitz and Walker, 1914). The blood is drawn from the arm 
vein directly into a centrifuge tube containing enough powdered 
potassium oxalate to make about 0.5 per cent the weight of, the 
blood drawn. Inorderto avoid accumulation of carbon dioxide and 
consequent effect on the electrolyte transfer between plasma and 
cells, it is desirable to avoid stasis, or when stasis is necessary, 
to release the ligature as soon as the vein is entered and allow a 
few seconds for the stagnsnt blood to pass. This is particularly 
important when the second procedure for collecting blood de- 
scribed below is used, for in this case no opportunity is given for 
excess of free CO. to escape. 

For drawing the blood we have used two methods. For 
clinical purposes the McRae needle‘ was chiefly employed 


‘ The McRae blood needle may be obtained from the Kny-Scheerer or 
the Tiemann Company of New York. The principle is similar to that of 
the Hallion and Bauer needle, described in Compt. rend. Soc. biol., 1912, 
Ixxii, 232. 
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(first method). With this, the blood enters the collecting tube in 
a fine stream and falls through a height of several centimeters 
before it reaches the bottom. During this fall there is oppor- 
tunity for the escape of carbon dioxide and for absorption of 
oxygen. The carbon dioxide loss, by its effect on the transfer of 
HCl between plasma and corpuscles, discussed in the preceding 
pages, measurably lowers the bicarbonate content of the plasma. 
As a matter of experience, however, the gas exchange which occurs 
in the interval of about 0.01 second during which the blood is fall- 
ing is only enough to bring the carbonic acid content of the venous 
blood to approximately that of arterial (see Experiment VII). 
The tube is turned on its side and back to vertical position once or 
twice after the sample has been drawn, in order to mix the oxalate. 
The blood is subjected to no other agitation which might accelerate 
loss of carbon dioxide, and is centrifuged in the same tube within 
a few minutes after it has been drawn (for effect of standing see 
Table X). The results of Stillman, Van Slyke, Cullen, and Fitz 
(Paper VI of this series), who compared the CO, capacity of plasma 
drawn by this technique with the CO, capacity of the whole blood, 
indicate that the McRae tube ean be used in routine clinical 
work, provided the above precautions are observed, without fear 
of error. 

The other method is to avoid all loss of carbon dioxide and ob- 
tain strictly venous blood. For this purpose ordinary care in 
the use of a syringe is sufficient, the blood being drawn without 
suction, and free air space in the syringe being avoided. A satis- 
factory substitute for the syringe is shown in Fig. 1. The blood 
is collected and centrifuged under paraffin oil. The slight amount 
of agitation necessary in order to assure mixture of the oxalate is 
accomplished by stirring with the inlet tube, rather than by in- 
verting or shaking. The paraffin oil, like most organic liquids, 
dissolves carbon dioxide in greater amounts than does water, and 
its action in preventing loss of carbon dioxide from the blood is 
due to prevention of free diffusion from the surface of the water 
rather than to the formation of a layer impermeable to gas. 
Consequently the tube is snbjected to a minimum of agitation after 
the blood is in it. When this precaution is taken, the results are 
the same as those from blood drawn with a syringe (see Experi- 
ment VII, d). 
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5 Fic. 1. Centrifuge tube arranged for collecting blood under paraffin 
oil without loss of carbon dioxide. 
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When blood is drawn with momentary exposure to air (McRae 
needle) and analyzed in the manner described in this paper, the 
plasma being resaturated with air containing 5.5 per cent of COs, 
results of our own and the analyses of thirty normal bloods by 
Gettler and Baker (1916) show that the bicarbonate CO. yielded 
by 100 ce. of normal plasma varies from 53 to 75 ec., reduced to 
0°, 760 mm. A great majority of plasmas show figures between 
60 and 70 ce. Occasionally an alkaline diet may force the figure 
to the upper limit of 80 cc., but we have not yet seen it below 53 
in any normal person. 

With the second method (venous blood drawn under oil without 
loss of COe) the results of Austin and Jonas (1917) agree with the 
relatively small number of determinations on human subjects 
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Fic. 2. Separatory funnel containing plasma and arranged for filling 
with alveolar air. 


which we have made in placing the minimum normal figure at 
60 instead of 53 ce. of CO. per 100 ce. of plasma. With either 
procedure, but especially with this one, where there is no oppor- 
tunity for the escape of excess COs, the remarks in the first para- 
graph of this section concerning the avoidance of stagnation are 
pertinent. 

If the difference in tlie level of the minimum normal values is 
kept in mind, it appears that the two methods of blood drawing 
may be used interchangeably (see, for example, Experiment VII, 
e). In this hospital we have used chiefly the McRae needle, 
but Austin and Jonas, to whom we have communicated both 
methods and who have tried both, prefer the oil tube. 

II. Separation and Storage of Plasma fcr Analysis.—While 
results of similar significance are obtained by analysis of either 
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whole blood or plasma, we prefer the plasma for routine determi- 
nations for the following reasons. It can be measured and handled 
with greater convenience than whole blood. The oxygen bound 
by the hemoglobin does not complicate the determination when 
plasma is used. And, perhaps the most important reason, plasma 
can be kept for a long time without alteration in its carbon dioxide 
binding capacity, while whole or defibrinated blood begins to 
show a decrease in its alkaline reserve soon after it has been 
drawn. This apparent formation of acid in blood in which the 
corpuscles remain was discovered by Christiansen, Douglas, and 
Haldane, who found that at 37°, even within an hour after blood 
had been drawn and defibrinated, an appreciable fall in the car- 
bon dioxide capacity occurs, so that they were able to obtain 
comparable results only when a constant interval, as short as 
possible, was allowed to elapse between the drawing of the sam- 
ples and the determination of their carbon dioxide capacities. 
The change observed can be most readily explained as due to the 
formation of acids in the blood cells. The change certainly 
does not occur in their absence, for we find that sterile 
plasma, if kept cold and in tubes that have been paraffined in 
order to avoid solution ot alkali from the glass, can be preserved 
for over a week without alteration in its carbon dioxide capacity. 
It may be well to state here, however, that plasma in ordinary 
glass can be kept for on!y a few hours, as sufficient alkali dissolves 
from the glass in longer intervals to increase measurably the 
carbon dioxide capacity. 

In case it is necessary to separate the plasma by gravity, the 
scdimentation is allowed to occur in a closed tube which is com- 
pletely filled with blood, so that no carbon dioxide can escape, 
and the plasma is drawn off in as short a time as possible. 

Since during rest and normal circulation the carbon dioxide 
content of the venous blood is only a few per cent higher than 
that of the arterial, and the difference does not vary greatly, the 
plasma obtained without stasis might be analyzed at once and 
without further preparation. As a matter of routine, however, 
we have found it desirable to saturate the plasma with carbon 
dioxide at a definite tension, as described below, immediately be- 
fore analysis, and thus avoid the possibility of error caused by 
loss of carbon dioxide while the sample is awaiting analysis. 
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III. Saturation of Plasma with Air Containing Carbon Dioxide 
under Normal Alveolar Tension.—For the saturation we have found 
the most convenient vessels to be ordinary separatory funnels 
capable of holding about 100 times the volume of the plasma that 
is to be saturated. The plasma is placed in the funnel, the latter 
is turned on its side, and the air within is displaced by either 
alveolar air from the lungs of the operator or with 5.5 per cent 
COb:-air mixture from a tank. In either case the gas mixture must 
be passed over glass beads before it enters the funnel (see Fig. 1). 
Otherwise, when air from the lungs is used the plasma is appre- 
ciably diluted with the moisture which condenses from the breath 
on the inner walls of the funnel. By passage over a large surface 
of either wet or dry glass beads at room temperature the expired 
air is cooled, and the excess moisture in it is condensed, so that not 
enough is carried into the funnel to cause an appreciable error. 
When, on the contrary, a dry CQO.-air mixture from a tank is 
used, it causes an appreciable evaporation from the surface of the 
plasma, with consequent increase in its concentration and in the 
carbon dioxide capacity. This also is obviated if the gas mixture 
is passed over wet beads, so that it approaches saturation with 
water vapor. 

For obtaining an artificial mixture of air containing 5.5 per cent of CO, 
we have used an ordinary metallic gas tank capable of standing 20 atmos- 
pheres pressure and provided with an accurate pressure gage. Carbon di- 
oxide was run in from another tank until the desired pressure was indicated. 
Then air was run in until the total pressure of air plus CO: was 18.2 times 
that of the CO. (taking into account that the tank contains one atmosphere 
more than the gage registers). The tank was then laid on its side for a 
half hour to give the gases an opportunity to mix thoroughly, and samples 
were drawn for analysis before the mixture was used. The analysis had 
to be repeated every few days, as the CO: content of the gas sometimes 
changes unexplainably. In order to displace completely the air in the 
separatory funnel with the CO, mixture, five or more volumes were run 
through, the gas, after leaving the funnel, being collected in a gasometer 
or rubber bag so that the volume passed could be roughly estimated. 


When alveolar air is used, the operator, without inspiring more 
deeply than normal, expires as quickly and as completely as pos- 
sible through the bottle of glass beads and the separatory funnel 
connected as shown in Fig. 2. The stopper is inserted just before 
the expiration is finished, so that there is no opportunity for air 
to be drawn back into the funnel. With a little practice a normal 
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person can consistently fill a 300 cc. separatory funnel with air 
containing within a few tenths of a per cent of the desired 5.5 
per cent of CO.. The composition is not, of course, so constant 
as that obtained when an analyzed gas mixture is used to fill the 
funnel, but as a matter of experience we have never found that the 
deviations caused significant error in the results. A change of 
0.5 per cent in the CO, concentration of the air with which the 
plasma is shaken causes a change of only about 1 volume per cent 
in the plasma in the amount of CO, gas taken up, of which the 
total is normally 60 to 80 volumes per cent. 





























Fic. 3. Rack for holding separatory funnels during saturation of 
plasma. The elastic cord which holds the stoppers, as well as the entire 
funnels, in place, is made of spiral wire. 


The following figures exemplify the effect of CO. concentration in the 
air on the amount of carbon dioxide taken up by plasma. Samples of the 
same plasma were shaken in atmospheres of air containing respectively 
3.2, 5.5, and 9.6 per cent of carbon dioxide. The results were: 








of Change in absorbed CO: due 





Volume per cent of CO2 Gas obtained from | cc to 1 per cent change in 
in air. plasma. CO: of air 
per cent cc. ec 
3.3 0.584 
0.023 
5.5 0.636 


0.016 
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In order to saturate the plasma the separatory funnel is turned 
end over end for 2 minutes, the plasma being distributed in a thin 
layer as completely over the surface of the funnel’s interior as is 
possible. We have found that 2 minutes’ shaking in this manner 
uniformly suffices for saturation, but that 1 minute is as a rule 
not enough. When there are several analyses to be done it is 
convenient to use a rotating rack such as is shown in Fig. 3. In 
this ten separatory funnels can be shaken at once, and the rack 
acts as a holder for them at other times. 

As a rule, when plenty of plasma is available, we saturate 3 ec. 
of it in a 300 ce. separatory funnel. One then has sufficient for 
duplicate determinations on 1 cc. each. As it is possible even 
with the large apparatus to make a determination with 0.5 cc. 
of plasma, one can, when the supply is scanty, saturate a little 
more than 0.5 ce. in a 50 ce. funnel. In this case the volume of 
distilled water and acid used to wash the plasma into the appa- 
ratus is also halved, so that the total volume of water solution 
introduced is only 1.25 cc. The volume of gas observed is mul- 
tiplied by 2 before it is used to calculate the volume per cent of 
CO. bound; 7.e., a considerable error would be caused if the CO, 
‘sapacity were first calculated from the observed reading, and the 
result multiplied by 2 after the calculation. 

When the micro-apparatus for carbon dioxide determinations 
described in the next paper is used, one-fifth the above amounts 
of plasma suffices. 

IV. Determination of Carbon Dioxide Content of the Saturated 
‘ Plasma.— After saturation is completed the funnel is placed up- 
right and allowed to stand a few minutes until the fluid has 
drained from the walls and gathered in the contracted space at 
the bottom of the funnel. A sample of 1 or 0.5 ec. for the large 
apparatus, or 0.2 ce. for the micro-apparatus, is drawn with a 
calibrated pipette and used for the determination of the carbon 
dioxide content, which is performed as described in the next 
paper. 

When the plasma is being delivered from the pipette into the 
cup of the apparatus, the tip of the pipette is held below the sur- 
face of the liquid in the cup. If the plasma were allowed to run 
through the air in a fine stream loss of carbon dioxide would 
result. 
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It is convenient to use a small drop (0.02 ce.) of octyl alcohol 
to prevent foaming of the plasma and emulsification of the 


mercury. 

The gas volume is measured after a single extraction, and the 
result is calculated, by means of the table on p. 316 into terms 
of volume per cent of carbon dioxide gas, measured at 760 mm., 
0°, which is bound as bicarbonate by the plasma. 

The carbon dioxide combining capacity of plasma varies appre- 
ciably with the temperature, so that human plasma at 20° binds 
as bicarbonate approximately 106 per cent as much carbonic acid 
as at 37°. The extent of the temperature effect is demonstrated 
and its nature discussed in connection with Experiment IV. 
After determining the temperature coefficients of a number of 
plasmas we have been able to introduce the average coefficient 
into the calculation, so that both saturation and analysis can be 
performed at room temperature without significantly affecting 
the constancy or reproducibility of the results. 

V. Calculation of Results ——When from plasma, saturated as 
above described with alveolar air, gases are extracted for analysis 
one obtains not only the CO. bound as bicarbonate and set free by 
acidification, but also the CO, and air physically dissolved by the 
plasma and water. The gases thus dissolved are, of course, in- 
dependent of .the alkaline reserve, and are subtracted from the 
total in order that the carbon dioxide bound as bicarbonate may 
be estimated. The exact amount to be subtracted, which is 
about 0.10 ec. when 1 cc. of plasma is analyzed, but varies slightly 
with the room temperature, may be determined by blank analyses, 
or calculated from the known solubility coefficients of the gases. 

a. Determination of Correction for Dissolved Gases by Blank 
Analysis.—A few cc. of acidulated water are saturated with 
alveolar air or 5.5 per cent COs, as described above, and 1 ce. is 
analyzed with the same technique used for plasma. The total 
amount of gas obtained is the ‘‘dissolved gas” correction. When 
subtracted from the volume of gas obtained in a plasma analysis 
made under similar conditions of temperature and pressure, the 
difference represents the CO. chemically bound as bicarbonate in 
the plasma. This value is multiplied by the factor given in 
column C, Table I of the next paper, which both reduces the gas 
to standard conditions (0°, 760 mm.) and corrects for the 4 or 5 
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per cent of the total CO, not removed from the water by the single 
extraction. 

b. Formula Including Corrections for Temperature and Dissolved 
Gases. Table for Calculation of Results.—In order to calculate the 
‘varbon dioxide chemically bound (as bicarbonate) the basic 
equation of Paper II must be altered by introducing a term 
which deducts from the total carbon dioxide content of the 
plasma the amount dissolved as free carbonic acid. This amount 
in ec. of carbon dioxide gas per cc. of plasma is equal to p C0, 


when the plasma is in equilibrium with air containing p propor- 

tion of carbon dioxide by volume, Crare) being the solubility co- 
9 

efficient of carbon dioxide in water. Introducing this subtraction 

into our basic equation, the latter becomes 


Factor for re- Ce. of air 
ducing gas carried into 
Ce. of COz2 volume to apparatus 
chemically standard con- dissolved in 
bound by lee. ditions, 0°, Observed gas 2.5 ce. of 
of plasma. 760mm. volumeinec.  sclution. 
————_—_—_—__———_ a ee 
(i) z= f j V —(25-—p)a.. 
t air 


Ce. of CO: dissolved 


Ce. of CO: kept in solution after in 1 ce. plasma as 
first extraction. free carbonic acid. 
oes = PM Be a scd anti x: esac 





+ 0.053 (V — [2.5— pla...) agg, — 0.975 p & Go, } 


The term (2.5 — p) @air is derived as follows. The volume of air dis- 
solved in 1 ce. of plasma shaken with air containing p proportion of carbon 
dioxide is (1 — p)@air. The volume held in solution under atmospheric 
pressure by the 1.5 ce. of water and dilute acid used in washing the plasma 
into the apparatus is 1.5¢air. Hence the total correction for the air in 
the gas volume observed is (1 — p) air + 1.5 air, or (2.5 — p) air. When 
p is only 0.055, as is the case when determining the carbon dioxide capacity 
of plasma in the manner described in this paper, its effect on this term is 
negligible; but if air containing proportions of carbon dioxide much 
higher than the physiological 5.5 per cent was utilized in saturating the 
plasma the effect of p would become measurable. This was the case in 
some experiments to be reported later, and the value of p is introduced 
into the equation so that it can be used in such cases. 

The derivation of the other terms is self-evident. The last term has the 
coefficient 0.975 because Bohr has shown that the dissolved substances in 
plasma reduce the solubility of gases in it to 97.5 per cent of their solu- 
bilities in pure water. As in the case of p, this factor, 0.975, exerts an 
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appreciable influence on the results calculated only when the plasma is 
saturated with gas containing a much higher percentage of carbon dioxide 
than the 5.5 per cent used in routine determinations of carbon dioxide 


capacities. 


For routine determinations the equation is reduced to a work- 
ing basis by substituting 0.055 for p, and by introducing the tem- 
perature coefficients for the various constants, in the manner 
employed in the derivation of Equation 4 of Paper Il. We 
then have 


(2) r= one (107.3 — 0.586 t) (V — 0.136 + 0.002 t 
‘ J 
t being the temperature centigrade. 

As will be shortly shown, however, the carbon dioxide combin- 
ing capacity of plasma decreases by an average of 0.36 per cent 
for each degree rise in the temperature at which the plasma is 
saturated with the CQO.-air mixture. In order to have results 
obtained at different room temperatures accurately comparable, 
therefore, we have introduced this additional temperature coeffi- 
cient into the calculation in such a manner that the results cal- 
culated indicate the amount of carbon dioxide the plasma would 
bind if it were saturated at 20°. Introducing the temperature 
coefficient 0.0036 in this manner, we have 
(3) t= 4 107.3 — 0.886 t _ vy — 0.136 + 0.0021 

760 1 + 0.0036 (t — 20) 
The values of 
107.3 — 0.586 t 
1 + 0.0036 (t — 20) 





may be accurately expressed between 15° and 30° by the term 
100.8 — 0.27t. Hence the equation becomes 


B 
(4) x = =— (100.8 — 0.27 t) (V — 0.136 + 0.002 t) 
760 


x expressing the cc. of CO. reduced to 0°, 760 mm., which 1 ce. 
of plasma will bind as bicarbonate when in equilibrium at 20° with 
air containing 5.5 per cent by volume of carbon dioxide. 














Observed 
vol. gas 





760 






9 
0.30 


























th G bO 


— - 
oS Oo 


9 
0.60 


Ce. of COs, reduced to 0°, 760 
mm., bound as bicarbonate by 
100 ec. of plasma. 


15 


9.1 


10.1 
11.0 
12.0 
13.0 
13.9 
14.9 
15.9 
16.8 
17.8 
ISS 


19.7 


20.7 
21.7 


9» 6 


ww 
= © 
w 


to 


wo ww ow 


www 
“SIO Ct hm 
— — IS 


St 


ww 
QS 
—_ 


40.0 


41.0 | 


42.0 
12.9 


43.9 | 


44.9 


45 Ss | 


46.8 


17.7 


20° 


30 


30-§ 


31 


32 


oe 
3 
or 


ow 


36 


39.: 


o | 


9 
10.9 
11 
12 
13 
14 
15 
16 
17.6 
18.5 
19.5 
20 
21 
22 
23 
24 
25 

| 26 
27 
28.1 
v9 0 


=m PS OW Ww ee eR OD 


9n0 


<0 


a 
| 12 
13 
15 


17 


2N Nyy Ny hy bo 


10 
| 40 


42 
| 438 
4 
| 45 
| 46 


48 


10.7 


14.: 
| 16.¢ 
Is: 


19. 
20. ? 


41.{ 


47. 


~ 
— 


bobo Ww > m& OF 


RK DW WW ee eS OI 


} 


-_ 


9 | 


Is 2 @ 


a s- 


wt Or 


TABLE T. 


11 


16 


30 


° 


DP 


| 


~~, 


m bh GO Or 


nonoood & 


—- - , on 


| 


>} 


| 
Observed 


vol. gas 


x 60 


0.60 


0.90 








| 
} 
| 
| 


Ce. of COc, reduced to 0°, 760 


Table for Calculation of Carbon Dioxide Combining Power of Plasma. 


mm., bound as bicarbonate by 


5S .4 
59.4 
60.3 
61.3 
62.3 
| 63.2 
64.2 
65.2 
| 66.1 
67.1 


6S 
69 


2 ote ON = S 


Oe 


i i me: 


Da - 


100 ce 


20° 


4S 


19 
| 50 


dl 
51 


52 


53 
4 
55 
56 


oe 


66 


| 67 


6S 
69 


> Ot dm GW bo bo 


80.5 


of plasma, 


' 


0 
0 
0 
9 


191 © @ 


5S.6 
59.5 
60.5 
61.4 | 
| 62.4 
63.3 
64.3 | 
65.3 

2 

2 


—— | 
1 


04 


So oe UT UT 


~] 
a ee 


i a aes a 


| 76 


> 


Oost 3 © < 


Sw de Gt vt 


Soa 8 


or 


tow ee 


3 
2 
| 79.2 


80.1 
) 


| 


4 


-' = 
te 
— ee bo OO oe ee OI 
' 


_, 


Si) 
x 
_ 


67 


_ 
m— boo Ww eh OI 


So & 


69.9 


> Ol me NX t 


ies sie ie 


‘a 


81 .( 
82.0 
82.9 


/ 83.8 
| $4.8 


So. 4 




















D. D. Van Slyke and G. E. Cullen 317 


The temperature figures at the heads of columns represent the room 


temperatures at which the samples of plasma are saturated with alveolar 
CO, and analyzed. It is assumed that both operations are performed at 
the same temperature. The figures have been so calculated that, regard- 
less of the room temperature at which saturation and analysis are per- 
formed, the table gives the volume (reduced to 0°, 760 mm.) of CO. that 
100 cc. of plasma are capable of binding when saturated at 20° with CO, 
at approximately 41 mm. tension. If the figures in the table are multi- 
plied by 0.94 they give, within 1 or 2 per cent, the CO, bound at 37°. 

If the figures in the table are multiplied by 0.66 they give the mm. CO, 
tension of the alveolar air (Haldane method) if the relationship between 
alveolar carbon dioxide and plasma bicarbonate is the average normal. 
The physiological deviations from this average may be as great as 7 mm 

Paper V), the pathological much greater (Paper VI 
barometer 

For convenience in the calculation the values for the ratio 760 

over the range usually encountered are given below. 


Barometer Barometer 


Barometer. 50 Barometer =O 
732 0.961 756 0.995 
734 0.996 758 0.997 
736 0.967 760 1.000 
738 0.971 762 1.003 
740 0.974 764 1.006 
742 0.976 766 1.008 
744 0.979 768 1.011 
746 0.981 770 1.013 
748 0.984 772 1.016 
750 0.987 774 1.018 
752 0.989 776 1.021 
754 0.992 778 1.024 


In order to express results in mg. of CO, bound by 1 ec. of 
' weight in mg. of 1 ce. CO. i 
plasma, the factor he nossa — - = 0.01964 may be 
LOO 
introduced, vielding 


(5) Mg. CO, bound chemically by 1 ec. plasma 
B 
= —— (1.982 — 0.0053 t) (V — 0.136 + 0.002 t) 
760 
In order to avoid the necessity of calculation in routine work, 


we have computed Table I by means of Equation 4. By means of 
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this table the readings on the apparatus can be directly transposed 
into ec. of COs chemically bound by 100 ec. of plasma. It will be 
seen that when the gas volume reading is above 0.50 cc. the various 
temperature effects nearly neutralize each other, so that a read- 
ing of 0.70 ec., for example, indicates almost exactly the same 
carbon dioxide capacity, whether saturation and analysis are 
performed at 15° or at 25°. 


EXPERIMENTAL. 


I. The Non-Effect of Potassium Oxalate on the Carbon Dioxide 
Capacity of Plasma. 


a. The Effect of Oxalate on the Carbon Dioxide Capacity of Water. 
—Before oxalate could be used to prevent coagulation of blood 
it was necessary to demonstrate that its introduction causes no 
appreciable change in the carbon dioxide capacity. As shown 
by the following experiment, a solution of potassium oxalate 
dissolves under given conditions more carbon dioxide than does 
pure water. 

Water and solutions containing respectively 1 and 10 per cent of potas- 
sium oxalate were shaken at 29° with air containing 23.0 per cent of carbon 
dioxide by volume. The carbon dioxide content of the solutions was de- 
termined as described in the preceding paper, with the exception that 2 
ec. of each solution instead of 1 cc. were taken for analysis. The following 
results were obtained. 

TABLE I 





| 
Vol. of COz @ CQ, observed by 





Solution dissolved = COz observed. | Bohr and Bock. 
Gasp ests spas | 0.345 0.75 | 0.758 
1 per cent oxalate. | 0.435 0.92 | — 
io“ « ere 0.480 1.04 | — 
| 





It is evident that the oxalate imparts to pure water a slight 
alkalinity which can be measured by so delicate a means as the 
carbon dioxide capacity. Pure water is immensely more sensi- 
tive to the effects of solutes of slightly acid or alkaline nature, 
however, than are solutions containing buffers, like carbonates, 
phosphates, and proteins. Blood is preeminently such a solution, 
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and in order to make experiments on the effect of oxalate appli- 
cable to blood plasma, they must be performed upon solutions 
which imitate the buffer composition of the plasma. 


b. Effect of Oxalate on the Carbon Dioxide Capacity of Phosphate Solu- 
tions.—Soerensen’s solutions of pure phosphatesin m/15 concentration were 
used. 10 cc. df KH.PO, solution and 40 cc. of NasHPO, solution were 
mixed, the resulting solution having a pH of 7.38, approximately that of 
the blood. The carbon dioxide capacity of this solution was determined 
in exactly the manner described in the preceding pages for plasma, except 
that 5.0 per cent CO.-air mixture instead of 5.5 per cent was used. The 
following results were obtained. 








TABLE III. bs 
Solution used, Vol. gas observed. COz: disso!ved. 
ce. mg. 

I ee net ee ae ee 0.260 0.396 
0.265 0.405 

Phosphate + 1 per cent oxalate......... 0.260 0.396 
0.262 0.400 

Phosphate + 10 per cent oxalate.........| 0.260 0.396 


0.262 0.400 





The determinations were made at 24°, 760 mm., and the results in mg. 
calculated by the formula for 24° given in Table I of the succeeding 
article. 


It is evident that oxalate, even up to 10 per cent concentration, 
does not affect the carbon dioxide capacity of the phosphate 
solution. 


c. Effect of Oxalate on the Carbon Dioxide Capacity of Sodium Carbonate 
Solution.—A 0.1 per cent solution of sodium carbonate was used for the 
experiment which in all details was similar to that preceding. The car- 
bon dioxide capacity of this solution is slightly less than that of normal 


plasma. 
TABLE Iv. 





1Vol. gas ob-| Total CO» ICO: chemi- 








Solution used. | served at ; cally 
|24°, 760 mm | dissolved. bound. 
| | 
} cc. | mg. mq. 

Pee er eee Tere | 0.534 0.90 | 0.826 
0.1 per cent NazCO; + 1 per cent oxalate...| 0.529 | 0.89 0.816 
0.1 per cent NasCO; + 10 per cent oxalate. .| 0.515 0.865 | 0.791 
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The presence of 1 per cent of oxalate had no effect on the car- 
bon dioxide capacity of 0.1 per cent NasCQOs; solution outside the 
limit of error of the determination. 10 per cent of oxalate did 
not increase, but reduced the carbon dioxide capacity of the solu- 
tion detectibly, an effect which may be attributed to the fact 
that the addition ef so much solid oxalate to the carbonate solu- 
tion appreciably increased its volume, so that it contained less than 
1 mg. of NasCQ, per ce. To a minor degree the effect is also due 
to the well known fact that the presence of salts reduces the solu- 
bility of gases in water, so that less CO: is dissolved as free HsCO; 
than in pufe water solution. 

The results of both preceding experiments show that potassium 
oxalate in 1 per cent and even greater concentration does not af- 
fect the carbon dioxide capacities of solutions containing concen- 
trations of phosphate or of sodium carbonate such as would bind 
the amounts of carbon dioxide held by the plasma. Consequently 
the oxalate appears to be excluded as a source of error in our 
determinations on plasma. 

It may be noted that the amounts of CO, bound as carbonate, 
0.826 mg. in absence of oxalate, 0.816 mg. in the presence of 1 
per cent oxalate, are very near the amount, 0.830 mg., that must 
be bound to convert all the carbonate into NaHCO;. The re- 
sults harmonize with those of Bohr, who determined both by 
calculation and by analysis that nearly 100 per cent of the sodium 
varbonate in the presence of free carbonic acid at alveolar tension 
must be in the form of bicarbonate. 


d. Comparison of Oxalate and Hirudin Plasmas.—Blood from an arm 
vein was drawn into a tube containing a few flakes of hirudin, and the 
carbon dioxide capacity of the plasma was determined. Duplicate read- 
ings were 0.74 and 0.74 cc. of gas at 23°, 760 mm., indicating a capacity of 
61.6 volume per cent of carbon dioxide bound by 1 ec. of plasma. In 5ce. 
of the plasma 0.050 gm. (1 per cent) of potassium oxalate was dissolved, 
and the determinations were repeated. The readings were again 0.74 
and 0.74 ce., showing that the oxalate had no measurable effect on the 


results. 

This experiment is final proof that even twice as much oxalate 
as is used in our routine is without significant effect on the carbon 
dioxide capacity of the plasma. 
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Experiment II. Effect of Concentration of Free Carbonic Acid 
on the Amount Bound as Bicarbonate by Plasma.—In order to 
obtain evidence concerning the magnitude of the effect which 
changes in the carbon dioxide content of the air used for satu- 
rating would have on results of our plasma analyses, we have 
determined the amounts of carbon dioxide absorbed by plasma 
in equilibrium with atmospheres containing from 3 per cent of 
carbon dioxide upwards. The results are given in Table V and 
Fig. 4. 


The plasma was a mixture of several samples from diabetic patients, 
some of whom showed slight degrees of acidosis. The mixture of plasmas 
showed about the minimum carbon dioxide capacity which we have ob- 
served in plasma from normal individuals. The determinations of carbon 
dioxide were performed on 1 cc. samples in the usual manner. Because of 
the variation in the carbon dioxide content of the saturating air, however, 
the results could not be calculated by the table at the end of this paper, 
but had to be reckoned by direct application of Equation 1 (p. 314). The 
barometer was 760 mm. and the temperature 27°. Under these conditions 
the constants of Equation 1 have the following values: f = 0.827; acy,= 


0.79; air = 0.0165. 


Experiment IIT, Effect of Free Carbonic Acid on the Amounts 
Bound by Sodium Carbonate, Sodium Phosphate, and Sodium 
Albuminate.—These data form but the preliminary steps of a 
study of the carbon dioxide carrying mechanism of the blood, 
but they are presented here because they are at least suggestive 
of the manner in which carbenic acid reacts with the blood con- 
stituents. 


Sodium Carbonate.—A 0.1 per cent solution (0.0188 nN) of Merck’s “‘re- 
agent’’ NasCO; was saturated with carbon dioxide under varying tensions. 
The amounts of bound carbon dioxide were calculated, as in the case of 
the plasma in the preceding experiment, with the aid of Formula 1, which 
here, however, is altered by removal of the factor 0.975 from the last term, 
since such a dilute solution may be assumed to have practically 100 per 
cent of the dissolving power of water for gases, instead of the 97.5 per cent 
observed by Bohr in the case of plasma. 

The experiment with sodium carbonate serves chiefly the purpose of a 
control of the methods as employed over a wide range of carbon dioxide 
tensions. As will be seen from the Na2sCO; curve of Fig. 4, the method 
gave practically theoretical results throughout the entire range of tensions, 
the Na.CO; binding the amount of H,CO,; necessary to convert it into 
NaHCoOs. 
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Sodium Albuminate.—4 gm. of Merck’s egg albumin were dissolved in 
25 ce. of water in a 50 cc. flask, and 0.5 cc. of a1 per cent solution of phenol- 
phthalein was added. A solution of N/7 sodium hydrate was then added 
from a burette until the albumin assumed the rose-color indicating a hy- 
drogen ion concentration of approximately 10-*, which is about that of 
plasma from which the free carbonic acid has been pumped out. The 
solution was then diluted up to the 50 cc. mark. The concentration of 


TABLE V. 


Effect of Carbonic Acid Concentration on the Amount of CO. Bound as Bicar- 
bonate by Plasma. 





























| CO:, reduced to 0°, 760 mm., 
} | in 100 ec. of plasma’. Molecular 
CO: in air —_ for ven gas eutguated Average! concentra- 
saturating plasma. |from 1 cc. of satu- I . . tion of bi- 
rated plasma. Total. ee Ped os carbonate. 
bonie acid. nate. 
per cent | ec. ec. cc. ce. ce. 
| ile et tae , 
3.2 0.627 0.625) 53.4 2.1 51.3 0.0229 
0.622 
' 
5.5 | 0.676 0.676; 58.1 3.7 54.4 0.0243 
0.676 
| | 
Alveolar air. 0.681 0 686) 50.0| 3.7* 55.3 0.0247 
| 0.691 | | | 
| 
96 | 0.740 | 0.740; 64.0) 6.4 57.6 | 0.0259 
| 0.740 | | | 
} | 
| | 
23.0 } 0.898 | 0.898; 78.4) 15.6 62.8 | 0.028 
| 0.898 
| = | | 
100 0.779 | 0.779] 127.0; 68.0 | 69.0 | 0.0308 
} | | 
0.779 


(From 0.5 ee. | 
| \ | 
| of plasma.) | 





* Calculated on the assumption that the alveolar air from the analyst’s 
lungs contained the average normal of 5.5 per cent of carbon dioxide. It 
may, of course, vary several tenths of a per cent from this. 


The apparent agreement of most of the duplicates to within 0.001 cc. on 
the readings is somewhat misleading. The readings were made to the 
nearest 0.005 ec., and corrected according to the calibration of the burette. 
Absolute apparent agreement, therefore, indicates agreement not neces- 
sarily closer than 0.005 ec., which is about as close as one can read the 
instrument with a slightly milky solution like diluted and acidified plasma. 
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albumin, 8 per cent, was approximately that of the proteins of the plasma. 
The concentration of sodium in the solution was 0.0143, sufficient to bind 
as bicarbonate about one-half the amount of carbon dioxide held by normal 
human plasma. 
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Fig. 4. Effect of free carbonic acid on the amounts bound as bicar- 
bonate by plasma, and by sodium albuminate solution of alkali and protein 
concentrations similar to those of plasma. 


Sodium Phosphate.—A tenth molecular solution of Na,HPO, prepared 
according to Soerensen was used. The phosphate solutions require for 
the attainment of equilibrium with atmospheric carbon dioxide consid- 
erably more time than the 2 minutes’ shaking which suffices for plasma and 
carbonate solutions. The phosphate solutions were accordingly shaken 
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repeatedly with the gas mixtures, and analyzed after each shaking, until 
constant results showed that the maximum amounts of carbon dioxide had 
been absorbed by the reaction H,CO; + Na,HPO,; = NaHCO; + NaH2PO,. 


It. will be seen that the curve obtained with the albuminate 
solution closely resembles that obtained with plasma. In equi- 
librium with 5.5 per cent carbon dioxide in the air the solution 
binds almost exactly the amount of carbon dioxide that the 
sodium hydrate alone would combine with if no albumin were 
present. When the carbonic acid content of the solution is greatly 
increased the albumin also binds an appreciable though small 
amount of carbon dioxide, as is evidenced by the fact that more 
is taken up than the sodium hydrate alone could account for. 
This does not prove that in the plasma all the carbon dioxide 
binding power is due to alkaline carbonate and protein,—the 
plasma curve can also be almost exactly duplicated by a solution 
containing 0.01 mM NasHPO, and 0.02 Mm NaHCQOs;. It is known, 
however, that the plasma contains only about 3 mg. of inorganic 
phosphorus per 100 cc. (Greenwald, 1915) which is too little to 
affect measurably the carbon dioxide capacity. Nor do ash anal- 
yses on the plasma indicate the presence of significant amounts of 
any other crystalloid buffers. The weight of evidence indicates 
that the only buffers of significance in the plasma are the proteins 
and the carbonates. 

The whole blood, on the other hand, yields a constantly rising 
curve. like the phosphate solution, indicating the participation 
of the relatively abundant phosphates of the corpuscles. 


Experiment IV. Effect of Temperature Saturation on the Amount 
of Carbon Dioxide Bound by Plasma. 


The determinations were made in the usual manner, except that in order 
to saturate at 10° and 40° the separatory funnels were shaken in baths at 
these temperatures. Short thermometers .dipping into the plasma were 
placed inside the funnels, and the saturations were finished after the desired 
temperatures had been reached. Results were obtained with plasma from 
seven different individuals, and were calculated by means of Equation 1. 
The values for the solubilities of air and carbon dioxide used in the formula 
are, of course, partly the values for room temperature, partly for the 
temperature of saturation. The results are given in Table VI, and in the 


curves of Fig. 5. 
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The approximately linear form of the curves of Fig. 5 shows 
that the temperature effect between 10° and 40° is fairly constant. 
The maximum percentage decrease in carbon dioxide capacity 
caused by 1° rise in temperature was 0.47 per cent of the amount 
of carbon dioxide bound at 20°. The minimum was 0.25 per 


TABLE VIL. 


ffect of T mt pe rature on the Carbon Dioxide Binding Powe r of Human 


S& 


Plasma. 











© Fa = COs: per 100 ec. plasma F 
3 : ; | 8 } 233] #2 | eyees 
: E | "SF | Zoe | Et Te 
| “7 ay | mm ce ce. | cc ce. ce. pe a 
| at 20° 
1 |10 | 24.5) 758 | 0.700; 60.6) 6.5 | 54.1 
124.5] 24.5] 759 | 0.650] 56.3] 4.1 62.2; 0.13 | 0.25 
40 | 24.5] 758 | 0.605] 52.8] 2.7 | 50.1 
2 110 | 23.5] 761.| 0.855! 75.7] 6.5 68.2 
| 23.5 | 23.5] 761 0.780 | 69.2] 4.2 65.0 |) 0.31 0.47 
140 | 23.5] 761 | 0.701] 62.3} 2.7 | 59.6 
Ciel = = ns — 
3 110 | 24 | 757 | 0.721) 62.5) 6.5 56.0 
| 24 | 24 757 | 0.671] 58.4] 4.2 | 54.2] 0.14] 0.25 
40 | 24 757 | 0.623 | 54.6) 2.7 51.9 
4 |10 | 22 754 | 0.781) 68.7| 65 | 62.2 
|} 22 | 22 | 754 | 0.721] 63.4] 4.5 | 58.9] 0.17] 0.28 
140 | 22 749 | 0.762) 60.0) 2.7 | 57.3 
a r" ie Ee Be: BR =) i . 
5 |10 | 24 | 757 | 0.791 | 69.0 | 6.5 | 62.5 
| 24 | 24 757 | 0.711 | 62.5| 4.2 58.3 | 0.24) 0.40 
| | H | 
} 40 | 24 757 | 0.662] 58.1] 2.7 | 55.4 
Sree GARIN BRIAR, aay MORE Malate in? een seenel 
6 [10 | 24 | 757 | 0.721) 63.6) 6.5 | 57.1 | | 
}24 | 24 | 757 | 0.671 | 58.6) 4.2 | 54.4] 0.14] 0.25 
}40 | 24 | 757 | 0.623) 55.6) 2.7 | 52.9 | 
oo EP CRE Tae Sein: SPE GRE ATR “RTOs 
1 | } 
7 | 10 | 22 | 754 | 0.781 | 69.7| 6.5 | 63.2 
| 22 | 22 | 754 | 0.721] 63.0] 4.5 | 58.5] 0.24) 0.40 
|40 | 22 | 748 | 0.682] 58.9| 2.7 | 56.2 
| | | | 
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cent; the mean between the extremes is 0.36 per cent. The varia- 
tion on beth sides of the mean is large compared with the size of 
the mean value itself. As the entire temperature effect is so 
small, however, the mean temperature coefficient can be used 
over the range of ordinary room temperature without introducing 
significant errors. 

The decrease in carbonic acid binding power caused by increase 
in temperature appears to result chiefly from the lowering of the 
solubility of carbon dioxide and the consequent decrease in the 
concentration of free carbonic acid in the experiments at the higher 
temperatures. Raising the temperature from 10° to 40° dimin- 
ished the carbonic acid CO, from 6.5 volume per cent to 2.7. 
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Fig. 5. Effect of temperature on the carbon dioxide capacity of plasma. 


The average effect on the bicarbonate CO, in the seven plasmas 
was to lower it 6 volumes per cent. Interpolation on the curve of 
Fig. 4 indicates that in the experiment there tabulated a lowering 
of carbonic acid CO, from 6.5 to 2.7 volume per cent without any 
temperature change decreased the plasma bicarbonate 5.1 vol- 
ume per cent, or nearly as much as when the change in free car- 
bonic acid was accompanied by an increase of 30° in temperature. 
That temperature does influence the equilibria between carbon 
dioxide and buffers independently of its effect on carbon dioxide 
solubility is certain (Henderson, 1906), but the effect in the plasma 
appears to be slight compared with that of changing concentra- 
tions of free carbonic acid. 
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Experiment V. The Effect of Acids on the Carbon Capacity 
of Plasma. 


8-H ydroxybutyric Acid:—Varying amounts of standardized solutions of 
Kahlbaum’s hydroxybutyric acid were weighed into portions of a sample 
* of human plasma, the concentrations of acid being such that the volume 
increase caused by its addition to the plasma was always less than 1 per 
cent. The plasmas were then saturated with 5.5 per cent carbon dioxide 
and analyzed. 

Hydrochloric Acid.—Varying amounts of 0.1 N and 0.2 n HCl were added 
to 10 cc. portions of another plasma, with sufficient water in each case to 
bring the volume up to 12 cc. The mixtures were then saturated with 5.5 
per cent CO, and analyzed. 

The results with both acids are given in Table VII. 




















TABLE VII. 
| Concentration CO: bound as bicarbonate. eet one ea 
Acid. | of —, Mols. | a ay 

par Stes. | Vol. per cent. | Mols. per liter.| Mols. per liter. 
Hydrochloric. | 0.0000 | 58.0 0.0259 0.0000 

| 0.0042 | 48.5 0.0216 0.0043 

| 0.0083 | 41.3 0.0184 0.0075 

| 0.0167 | 2.3 | 0.0113 0.0146 

| 0.0250 | 12.5 | 0.0056 0.0203 

| 0.0333 | 2.8 0.0012 0.0247 

| 0.0500 | 0.0 0.0000 
6-Hydroxybutyric. | 0.0000 | 67.6 | 0.0283 0.0000 

| 0.009% | 43.3 | 0.0182 0.0101 

| 0.0240 | 23.9 | 0.0100 0.0183 

| 0.0481 | 3.7 | 0.0016 | 0.0267 

0.0962 | 0.0 0.0000 | 





Comparison of the first and last columns of the table shows 
that until acid equivalent to about half the plasma bicarbonate 
has been added the fall in bicarbonate approximately equals in 
molecular equivalents the amount of acid added. As the amount 
of acid becomes greater, however, the drop in plasma bicarbonate 
begins to fall short of the added acid. This is due to the fact that 
the HeCO; concentration is kept constant, instead of being reduced 


in proportion to the bicarbonate. The condition is similar to that 
H.C x )s 


of the blood in uncompensated acidosis. The =—~-~~ ratio, 
I NaHCO, 


and consequently the C,, is increased. As a result the other 
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plasma buffers (chiefly proteins) bind a measurably greater 
amount of acid than they could at normal C,, and the acid so 
bound is prevented from decomposing bicarbonate. 

The effect on the routine plasma determination is that the bi- 
carbonate determined by our technique denotes a fall in the more 
severe stages of acidosis which is not quite so great as the actual 
drop in bicarbonate 7n vivo. The relationship between added 
acid and decrease in bicarbonate, however, is made so constant 
by saturating the plasma at a definite carbon dioxide tension that 
the lack of absolute numerical proportionality in the lower 
ranges is no practical detriment to the interpretation of results. 

Experiment VI. Effect of Preservation on the Carbon Dioxide 

Capacity of Plasma. 

A sample of oxalated human plasma was placed ina paraffin-lined tube 
in a refrigerator at approximately +1°C. Samples were removed at 
intervals and analyzed with the following results. 

TABLE VIL 


COs capacity. 





Age of plasma Ce. of COs, 
sample kept at | ts me rT. eae ; es reduced to 0°, 
+ 1° in paraffined Gas vol. read. Temperature Barometer. 760 mm., bound 
tube. | chemically by 100 
| | | ec, of plasma.) 
days | ce. =. mm. vol. per cent 
0 | 0.70 21 750 56.8 
1 0.71 | 19 750 57.6 
2 | 0.71 21 753 57.8 
4 0.70 22 752 57.0 
6 0.70 22 752 57.1 
12 0.68 27 767 56.7 
764 49.4 


| 


20 0.61 20 


| 





For 12 days the capacity of the plasma remained stationary 
at 57.3 +0.5 volume per cent of carbon dioxide. The first change 
was noted in the 20 day sample, and was probably due to bac- 
teria, as the samples for analysis were not drawn under sterile 
conditions. It may be well, however, to emphasize the 
fact that plasma kept in ordinary glass, instead of paraffin, may 
dissolve enough alkali over night to increase its carbon dioxide 


capacity by several per cent. 
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VII. Effects of Manner of Drawing Blood on the Carbon Dioxide 
Content of Whole Blood Samples, and the Carbon Dioxide 
Capacity of the Plasma. 


Experiment VII, a. Blood from Different Veins Compared with 
Arterial. Effect of Momentary Exposure to Air. 


An 18 kilo dog was etherized with a cone (no artificial respiration) and 
the femoral artery and vein of the right thigh, the brachial artery and 
vein of the left fore leg, and the left external jugular vein were exposed. 
Blood samples were drawn from each vessel both by means of a syringe, 
and of a needle connected with a 50 ec. Erlenmeyer flask. The latter was 
fitted with a two-hole rubber stopper through which passed two short 
glass tubes extending for 1 or 2 cm. both above and below the stopper. 
To one of the tubes was attached about 10 em. of small bore rubber tub- 
ing, into the farther end of which was fitted the needle. To the other 
glass tube was attached a somewhat longer piece of rubber tubing, by 
means of which suction could be applied to accelerate the flow of blood 
from the vein. As in the case of the MeRae needle, the blood was drawn 
with moderate suction into an open vessel, and fell through a height of 
several centimeters, so that for 0.01 second or less opportunity was given 
for escape of venous carbon dioxide. 

Blood was allowed to flow into syringes simultaneously from the femoral 
and jugular veins. Then the syringes were immediately replaced by two 
collecting flasks of the kind described above, and samples of blood were 
drawn into them. Consequently these four samples may be considered 
as practically simultaneous. 

The same procedure was then repeated with the femoral artery, brachial 
vein, and brachial artery. The entire operation, from beginning of anes- 
thetization through the drawing of the second set of samples, consumed 
30 minutes. Samples of the whole blood were analyzed for carbon dioxide 
content at once, the technique described on p. 361, of the succeeding article 
being employed. Other samples were meanwhile centrifuged, and the 
carbon dioxide capacity was determined, as described in this paper, after 
saturating at 20° with air containing 5.5 per cent of carbon dioxide. The 
results are given in Table IX. 


The results may be summarized as follows: 

1. Blood samples drawn without loss of carbon dioxide (syringe 
samples) within an interval of a few minutes from three different 
veins showed within 2.5 per cent the same carbon dioxide contents. 

2. The carbon dioxide content of the venous blood from the 
resting dog (the animal was anesthetized without a struggle) was 
2 to 5 per cent greater than that of the arterial blood. Blood 
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TABLE IX. 
(1) Carbon Dioxide Content of Blood from Different Veins Compared 
with Arterial. (2) Effect of Manner of Drawing Blood on CO, 
Content of Whole Blood and CO, Capacity of Plasma. 





Drawn Drawn simul- 
simul- taneously a few 
taneously.| minutes later. 
































te | cr art 
asi os oeiae 
£2) Ss 23| 85 
| ol | i 
Vol. per cent of CO, | Drawn with syringe (no loss | | | 
in whole blood as of COs)... see ...|47.6)46.1/45.1)42 143.1 
drawn. Blood stream falling | | | 
through air in receiving | 
EM aie Sotne xecdics 43.6/44.1/42. 1/41 6/41.1 
ee ee SS 
Difference......... iid ica saa 4.0) 2 0) 3.0) 0.51 2.0 
Carbon dioxide ca- | Plasma from blood drawn | | 
pacity of plasma with syringe............./63.1/60.9/60.9)56.6)58.0 
from above blood | Plasma from blood drawn | | 
samples. | into flask......... ......|57.158.0)58.0)55.1/57.1 
| Difference.......... ....+-| 6.0] 2.9] 2.9] 1.5] 0.9 





drawn from the brachial vein showed 3: per cent more carbon diox- 
ide than blood drawn simultaneously from the brachial artery. 

3. The effect of drawing the blood into an open flask in which 
the blood stream was allowed to fall through the air for several 
centimeters was to cause a loss of carbon dioxide from the venous 
blood such as to bring its CO. content to approximately that of 
arterial. The carbon dioxide held by the venous blood in excess 
of that of the arterial appears to be given off readily, so that the 
instant’s exposure while the blood was falling into the receiving 
vessel approximately transformed venous into arterial blood, so 
far as the carbon dioxide was concerned. 

4. The CO, capacity of the plasma rose and fell parallel with 
the CO. content of the whole blood from which the plasma was 
centrifuged. The carbon dioxide bound chemically by plasma 
saturated at 20° with air containing 5.5 per cent of CO. amounted 
to 15 +1 volume per cent more than the total carbon dioxide 
content of the whole blood at the time it was centrifuged. 
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Within the limits of this experiment (compare Experiment VII, 
c), differences in the CO, content of the whole blood at the time 
of centrifugation resulted in approximately equal differences in 
the carbon dioxide capacity of the plasma, so that the latter re- 
mained at a level approximately 15 volume per cent greater than 
the former. The effect of conditions at the time of centrifugation 
on the bicarbonate content of the plasma separated is to be attrib- 
uted to the transfer of electrolytes between plasma and corpuscles 
under the influence of changing free carbonic acid concentration, 
discussed on p. 303. 


Experiment VII, b. Comparison of Blood Samples Drawn with 
Syringe and McRae Needle. 


The experiment was performed like the preceding, except that for 
the samples drawn in open vessels a McRae needle was used, so that 
the conditions entirely simulate those obtained with the use of this appa- 
ratus for clinical purposes. 


TABLE X. 


Carbon Dioxide Contents of Whole Blood Samples from Normal Dog. 1. 
From Different Blood Vessels. 2. Drawn by: (a) Syringe, with- 
out Loss of Carbon Dioxide. (b) McRae Needle in Open 
Tube. 





Vol. per cent of carbon dioxide in blood. 





After standing 6 hours in 

















Vessel. meee after being partly filled tube closed only 
enw | by cotton plug. 
Syringe. | McRae needle. | Syringe. McRae needle. 
Femoral vein........... 37.1 | 33.0 | 30.4 | 30.3 
Brachial vein. .... 35.2 32.4 -- 30.8 
External jugular vein... | 37.1 — 28.9 — 
- Bee Bee |: eee” 


Femoral artery...... 





The results confirm those of the preceding experiment. In 
addition they show that whole blood standing in a partly filled 
tube may lose in 6 hours up to 8 volume per cent of carbon dioxide. 
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Experiment VII, c. Effect of Different Methods of Drawing Sam- 
ples on Results Obtained with Venous Blood Heavily Charged 
with Carbon Dioxide as the Result of Exertion. 


The dog used in this experiment exerted himself strenuously against 
etherization, and consequently the carbon dioxide content of the venous 
blood was 10.2 volume per cent greater than that of the arterial, instead 
of the 3 to 5 per cent difference usually noted. The samples were al! 
collected within an interval of a few minutes. 





TABLE XI 
panties a oe Femoral 
vein. vein artery 
vol, | vo vol 
per cent | percent | percent 
‘Drawn with syringe (no 
loss of COz).. 42.5 4?.1 32.0 
CO. in_ whole | | —— : --— 
blood as drawn. ! ) Drawn with McRae nee- | 
dle (blood stream falling | 
through air) | 28.6 30.6 25.8 
CO, bound as bi- | 
carbonate by 
plasma from | {Plasma from blood drawn 
above blood with syringe. S26 °| S16 44.9 
samples. Plas- | ;—— — - 
ma is sat- Plasma from blood drawn 
urated with air | with McRae needle.. 47.9 46.8 44.0 


containing 5.5 
per cent COv. 


The results confirm those of the foregoing experiments in show- 
ing that allowing the blood to fall for a few centimeters through 
air when the sample is drawn (with a McRae needle) reduces 
it to approximately the carbon dioxide content of arterial blood. 
The fact has additional interest in this case, because the dif- 
ference between arterial and venous bloods is, presumably on 
account of the animal’s exertions, two or three times as great as 
that usually observed in resting dogs. Nevertheless the instant’s 
exposure of the falling blood removed all the carbon dioxide in 
excess of that in the arterial blood, and even somewhat more. 
The result, however, was, as in the foregoing experiments, to 
bring the samples drawn with momentary exposure to air closer 
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to arterial blood in carbon dioxide content than were samples of 
venous blood drawn without exposure. 

Comparison of the carbon dioxide contents of the different 
whole blood samples and of the carbon dioxide binding powers of 
the corresponding plasmas affords more examples of the influence 
of carbonic acid on the acid-base transfer between corpuscles and 
plasma. Samples of whole blood from which some of the carbon 
dioxide escaped, during the momentary aeration connected with 
the use of the McRae needle, yielded plasmas which had also a 
reduced amount of base capable of binding carbonic acid. 

Experiment VII, d. Collection of Blood under Paraffin Oil with- 
out Loss of Carbon Dioxide.—The following experiment shows that 
with centrifuge tube and needle arranged as shown in Fig. 1 one 
can collect blood samples without appreciable loss of carbon 
dioxide. The blood in entering the centrifuge tube mixes with 
the finely powdered oxalate, so that very little additional stirring 
is necessary in order to prevent clotting. After a sample was 
drawn the stopper was loosened, and the blood was stirred gently 
with the inlet tube. Previous experience had shown that if the 
mixing of the oxalate were attained by more vigorous agitation, 
such as shaking the tube or turning it upside down repeatedly, a 
measurable loss of carbon dioxide would occur, even if the layer 
of oil separating the blood from the air was not broken. . Since 
carbon dioxide is more soluble in the oil than in the water, vigor- 
ous agitation of the two fluids results in a partial transfer of car- 
bon dioxide from water to oil. The latter, however, prevents 
rapid diffusion of the gas away from the surface of the water layer, 
and if unnecessary agitation is avoided, this form of tube yields 
results identical with those obtained with syringe samples. The 
chief advantages over the syringe are in cost, and in the conven- 
ience of having the needle on a flexible connection. 

The dog used, a female bull terrier of 16 kilos weight, was etherized with 
the Meltzer-Auer insufflation apparatus. The animal submitted to ether- 
ization very quietly; the resting condition is evidenced by the fact that 
there is only 3 per cent difference in carbon dioxide content between arterial 
and venous bloods. 

It will be noted that the figures in the last column afford another 
illustration of the effect of CO. tension on the acid-base transfer 
between corpuscles and plasma. 
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TABLE XII. 
Collection of Blood under Paraffin Oil without Loss of Carbon Diozide. 





CO: bound as 
bicarbonate by 











Blood vessel from which | Instrument usedin | Total CO: content | l i 
sample was taken. | taking samples. | of blood drawn. | P. nome eaturatec 
| | at 20° with 5.5 per 
cent COs. 
vol. per cent vol. per cent 
| Syringe. | 33.0 41.3 
Right jugular vein. Oil tube. 33.0 41.0 
| McRae needle. | 29.3 | 32.9 
Syringe. 33.9 41.3 
Left jugular vein. Oil tube. 33.9 41.3 
| McRae needle. | 33.0 39.6 
Syringe. 30.3 37.6 
Femoral artery. Oil tube. 30.0 37.1 
McRae needle. | 25.6 33.3 








Experiment VII,e. Effect of Manner of Drawing Blood on Results 
Obtained from Normal Human Subject. 


A sample of blood was drawn from the right arm with a syringe, care be- 
ing taken to avoid any chance for loss of CO,. About 1 minute later a 
sample was taken from the other arm, conditions being the same except 
that the McRae needle was used in this case. In each case the arm was 
ligated with a rubber band for about 1 minute before the sample was 
drawn. The analyses yielded the results shown in Table XIIT. 


Comparison of analyses a and b shows, as in the foregoing dog 
experiments, that use of the McRae needle results in loss of some 
of the excess carbon dioxide of the venous blood, so that the 
venous blood is brought closer to arterial (analyses 6) in its carbon 
dioxide content. 

Comparison of ¢c and d shows that the approximation of the re- 
sults to the arterial standard, as a result of the momentary 
aeration connected with use of the McRae needle, is also noted 
when the carbon dioxide capacities of the plasmas are considered. 
The plasma from the venous blood drawn with the McRae needle 
approximated the plasma from arterialized blood in its carbon 
dioxide capacity. 














ae Ee AN 














D. D. Van Slyke and G. E. Cullen 335 


TABLE XIII. 


Comparison of Blood Samples Drawn from Normal Man with Syringe and 
McRae Needle. 








| 
| | Carbon 
| | dioxide. 


vol. per cent 





a. COs. content of whole blood as | Syringe. | 67.7 
drawn. McRae needle. 62.1 
b. CO» content of whole blood ar- | Syringe. 57.2 
terialized by shaking at 37° | McRae needle. 57.2 
with air containing 5.5 per cent 
of COs. 


c. ©€Oz bound as bicarbonate by | Plasma from syringe sam- | 


plasma centrifuged from | ple. 76.3 
freshly drawn blood and satu- | Plasma from McRae nee- 
rated with 5.5 per cent CO, | dle sample. | 7.3 


at 23°. 


d. CO, bound as bicarbonate by | Plasma from arterialized | 
plasma centrifuged from syringe sample. 71.0 
arterialized blood (analyses b | Plasma from arterialized 
above) and resaturated at 23° McRae needle sample. 71.8 
with 5.5 per cent COs. 


Experiment VIII. Demonstration of Identical Bicarbonate 
Contents of Venous and Arterial Bloods under Identical 
Carbon Dioxide Tensions. 


A dog of 24 kilos weight was placed under ether with the Meltzer-Auer 
apparatus and blood samples were drawn as indicated in the following table. 
Each blood sample was divided into three portions. In one the earbon 
dioxide content was determined directly (third column). In another the 
carbon dioxide was determined after saturation at 37.5° of the fresh blood 
with air containing 5.5 per cent of carbon dioxide. It will be noted that 
this treatment raised the carbon dioxide of the arterial blood by 10 volume 
per cent, indicating that the arterial carbon dioxide tension of this animal, 
presumably because of the artificial ventilation, was considerably less than 
that of the average man. A third sample of each blood was centrifuged 
immediately and the plasma bicarbonate CO: was determined in the routine 
way, after saturation of the plasma at room temperature with 5.5 per cent 
CO. in air. 


Experiment VII, ¢, is confirmed in.showing that blood can 
be drawn into the “oil tube” without measurable loss of carbon 
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TABLE XIV. 
Pee ey. | Bicarbonate C( e | Total CO: content 
| Total COz | “of plasma after | of whole blood 


Blood vessel } Bn see cool a | saturation at 20° | after saturation 
aT | See Gised | ‘heod on with air contain- | at 37° with air con- 
a ay nag ing 5.5 percent | taining 5.5 per 
awe COs cent COs. 
jrol. per cent vol, per cent vol. per cent 
Syringe. 38.9 | 48 .2 _ 
? ; 39.3 18.2 = 
Left jugular vein. Fie ees; cae ; : 
| Oil tube. 39.3 | 48.2 46.8 
| 39.3 48 2 45.9 
Left femoral artery. | Oil tube. | 36.4 44.5 46.7 
36.4 14.5 15.9 


dioxide. The results obtained are identical with those from 
samples drawn with the syringe. 

The figures in the last column show that when arterial and ve- 
nous bloods are brought to the same content of free carbonic acid, 
the bicarbonate contents are also equal. From this it follows that 
blood in passing from arteries to veins in the resting animal does 
not take up sufficient acid other than carbonic to affect the bi- 
carbonate content appreciably. So far as the content in non- 
volatile acids is concerned, there is no appreciable difference in 
the resting animal between blood from the arteries and that from 
the jugular vein. 

The figures in the middle column illustrate again the effect of 
varbonic acid concentration on the distribution of bases and acids 
between plasma and corpuscles. Plasma centrifuged from venous 
blood, with 3 per cent more total carbon dioxide than arterial, 
showed a bicarbonate CO. nearly 4 per cent higher than the 
arterial plasma. 


Experiment IX. Effect of Experimental Acidosis on the Carbon 
Dioxide Figures and the Hydrogen Ion Concentration 
of Venous and Arterial Blood. 


The animal used was a collie bitch of 14.5 kilos weight, in splendid 
condition. ; 

At 2.00 p.m. the animal Was etherized, and the femoral veins and arteries 
on both sides were exposed. Ether anesthesia was maintained throughout 
the experiment by the Meltzer-Auer insufflation method. 














D. D. Van Slyke and G. E. Cullen 337 


At 2.15 blood samples of about 15 cc. each were taken from the right 
femoral artery and the left femoral vein, the samples being collected under 
paraffin oil with precautions to prevent loss of carbon dioxide (see p. 306). 

At 2.20 the injection of n H.SO, from a burette into the right femoral 
vein was begun. 

At 3.00 50 cc. had been injected. The animal showed marked dyspnea 
and a pulse of 180. These symptoms disappeared after 10 minutes, and 
the injection was resumed. 

At 3.30 75 ec. of N H,SO, in all had been injected, and the injection was 
concluded. 

At 4.10 a second pair of blood samples was taken, the vessels used being 
the right femoral artery and the left femoral vein. 

At 5 two more samples were taken, in order to ascertain whether the 
animal’s blood indicated that she was overcoming the acidosis. 


The hydrogen ion concentrations were determined in a Clark 
electrode (Clark, 1915), successive portions of the same sample 
being shaken in the same hydrogen atmosphere until the latter 
had acquired the carbon dioxide tension of the blood, according 
to the principle of Hasselbalch’s technique (Hasselbalch, 1911, 
1913). The figures obtained consequently may be taken as rep- 
resenting the actual hydrogen ion concentration of the blood in 
the veins and arteries. 

The gas analyses of whole blood and plasma were performed as 
described in this and the sueceeding paper. 

The results are given in Table XIV. Graphic comparison of 
the carbon dioxide figures is given in Fig. 6. 


TABLE XV. 
Effect of Acid Injection on Blood. 





Plasma after 
jsaturation at 20 
| with air con- 
| taining 5.5 per 


Venous. } cent COs. 


Whole blood as drawn. 








COn. |v enous. 


| 
Total Re- 


Ar- 
action. | terial 





| 
rg ee ey 
Before injection..................| 38. 28 | 49.9 | 53.2 
40 min. after injection of 75 ce. | 

N H2SQO,........... an 
90 min. after injection.... 
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Fig. 6. Effect of acid injection on blood and plasma. 


Discussion of the Results of Experiment IX. 


1. The curves of Fig. 6 show that in acidosis the arterial carbon 
dioxide is approximately paralleled in its fall by the other three 
values determined. For reasons discussed on p. 295 the arterial 
bicarbonate, or the nearly identical total arterial carbon diox- 
ide, is the ideal figure to determine as a measure of the alkaline 
reserve of the body. The curves of Fig. 6 indicate, however, 
that any one of the other three values may also be used as an index 
of the alkaline reserve, provided the limits of the normal level, 
and the changes therefrom corresponding to different grades of 
acidosis, are determined for the value used. The necessity for 
employing in all clinical and much experimental work one of the 
values obtained on the venous blood rather than the theoretically 
preferable arterial figure is, of course, obvious. The value ob- 
tained by the technique for acidosis study outlined in this paper, 
viz., the capacity of the venous plasma to combine with carbon 
dioxide, has been given the preference in our work chiefly for 
practical reasons, such as the ease and convenience of making 
determinations on the plasma as compared with whole blood, the 
facts that plasma can be preserved for days and even weeks and 
still show unchanged carbon dioxide binding power when resat- 
urated with 5.5 per cent COs, and that unlike the carbon dioxide 
capacity of the whole blood the carbon dioxide capacity of the 
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venous plasma maintains its parallelism with the arterial carbon 
dioxide even in the severe grades of acidosis (Stillman, Van Slyke, 
Cullen, and Fitz). 

2. The greater part of the injected acid did not remain in the 
blood, but was at once transferred elsewhere and presumably 
neutralized by the bicarbonate and phosphate reserves in other 
parts of the body. The amount of blood in a 14 kilo dog may 
roughly be estimated at 1 liter. The injection of 75 ec. of N acid 
into this volume of bicarbonate solution would decompose suffi- 
cient bicarbonate to reduce its molecular concentration by 0.075. 
The actual reductions of carbonate noted as the result of the 
acid injection were the following, the figures being transposed 
from terms of volume per cent carbon dioxide to molecular 
concentration: 


Arterial whole blood CO, content, reduced 0.0126 mo. 


Venous “ “ “ “ “ce 0.0115 “ 
Arterial plasma, CO; capacity, " 0.0104 “ 
Venous ” ™ ” . 0.0119 “ 


As bicarbonate furnishes about nineteen-twentieths of the CO, 
of the whole blood, only one-twentieth being free carbonic acid, 
the whole blood figures as well as those of the plasma (where the 
CO, from H:.CO; is subtracted) may be taken as practically bi- 
carbonate figures. The fall, on the average only 0.012 in molecu- 
lar concentration of both whole blood and plasma, indicates 
that only about one-sixth of the injected acid remained in the 
blood, or was neutralized by the blood bicarbonate. The quick 
transfer between blood and tissues indicates that an acid-base 
equilibrium is continually maintained between them, even when 
there is such an enormously rapid influx of acid as occurred in this 
experiment. There is consequently direct experimental basis 
for assuming that the bicarbonate concentration of the blood is 
an index of the alkaline reserve of the entire body. 

3. An actual increase in the hydrogen ion concentration of 
both arterial and venous blood occurred during the experiment. 
The acidosis was therefore partly uncompensated. Respiration 
did not lower the free carbonic acid enough to compensate en- 
tirely for the lowered bicarbonate, and the failure to do so is evi- 
denced by an increase in the hydrogen ion concentration (fall in 
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pH) past the extreme normal limits. The failure may, however, 
be due to the effect of etherization on the respiratory control 
rather than to the reduction of arterial bicarbonate to one-fourth 
its previous level. Even severely sick patients appear able to 
compensate nearly if not quite so severe a grade of acidosis 
(Peabody, 1914). Michaelis and Davidoff (1912) have found, 
however, that narcosis of itself causes the respiratory centers to 
become less responsive to increase in hydrogen ion concentration, 
and consequently allow free carbonic acid to accumulate until 

H.CO; 
the NaHCO; 
tration, is considerably above normal. Evidence that the 
etherization was responsible in this experiment is seen in the fact 
that a further decrease in pH (increase in hydrogen ion concen- 
tration) occurred between the second and third bleedings when 


ratio, and consequently the hydrogen ion concen- 


no acid was injected. 

4. The injection of acid apparently results in an increase in 
the gas exchange occurring with each circulation of the blood. 
Before the injection the difference in CO, content between arterial 
and venous blood was 9 per cent; after the injection it had in- 
creased to 12 per cent. Similar increases in the gas exchange 
have been noted in other experiments after acid injection. 
In this case the increase in carbon dioxide occurring as the 
blood traverses the tissues cannot be attributed to COs, set free 
in the latter by the injected acid, for it was still undiminished 
13 hours after the injection had been finished. The increased gas 
exchange must be due either to increased rate of oxidation in the 
tissues, or to decreased rate of blood flow. The problem suggested 
by this observation, v7z., whether acidosis, compensated or un- 
compensated, produced either experimentally or by disease, 
results in an increased rate of oxidation, we hope to attack later. 

5. The effect of carbon dioxide on the acid-base transier be- 
tween corpuscles and plasma is again seen when the bicarbonate 
COs. figures for venous and arterial plasmas are compared. The 
bicarbonate contents of the sets of plasmas from the two sources 
differ by nearly the same margins as the total CO. contents of the 
The results obtained in 


respective whole bloods (see Fig. 6). 
the experiments of sections VII and VIII show the same rela- 
tionship between venous and arterial blood and plasma. Con- 
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sequently the carbonic acid entering the blood from the tissues, 
| : g 


during the passage from arteries to veins, must displace nearly 
an equivalent amount of other acid, which passes into the cells, 
leaving the plasma at its normal alkalinity. At least part of the 
acid thus displaced by combined mass action of the carbonic 
(HeCO; + NaCl = NaHCO; + HCl) and diffusion is hydrochloric. 
The results shown in the next experiment indicate that this re- 
action is the one chiefly concerned when the carbonic acid con- 
centration changes only within the limits likely to occur in the 
body. The physiological effect of the acid transfer into and out 
of the cells is to increase tremendously the power of the plasma 
to take up carbon dioxide without having its hydrogen ion con- 
centration raised above the normal limits. The height to which 
it is possible to force the plasma bicarbonate by increasing 
the carbonic acid of the whole blood is indicated by the next 
experiment. 


Experiment X. Effect of Free Carbonic Acid on the Acid-Base 
Equilibrium between Plasma and Corpuscles. 


Blood was drawn with a McRae needle from the arm vein of a healthy 
man, and the sample was divided into four portions. One was centri- 
fuged at once, and the others were shaken each with 100 volumes of 
atmosphere containing the proportions of carbon dioxide indicated in 
Table XVI. Carbon dioxide in the blood plasma was determined in the 
usual manner, chlorides by the method of McLean and Van Slyke (1915). 
The experiment reported here is one of a number which yielded similar 
results. The relationship between chloride and carbonate concentrations 
is made readily evident. by Fig. 7. 

For furnishing the blood used in this experiment and performing the 
chloride determinations we are indebted to our colleague, Dr. Franklin 
McLean. 


The figures for molecular concentration in the plasma of un- 
treated blood (top line of Table XVI) show the relative importance 
of bicarbonate among the plasma electrolytes. It is, as pointed out 
by Henderson (1908, b), second only to the sodium chloride, the 
concentration of the bicarbonate being one-fourth to one-third that 
of the chloride. As shown by Hamburger, the average blood 
plasma is isotonic with a 0.9 per cent (0.155 molecular) solution 
of sodium ‘chloride. The average chloride concentration may be 
taken, as In this blood, at about 0.105 molecular, the bicarbonate 
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at 0.030 mM, the two together therefore at 0.135 m, leaving only 
about 0.020 M, or one-seventh the total, to be made up of all the 
other electrolytes in the plasma. 

On examining the results from the three blood portions in which 
the carbonic acid was arbitrarily changed it becomes evident 
that a part of the resulting changes in plasma bicarbonate are 

TABLE XVI. 


Effect of Free Carbonic Acid Concentration on Distribution of Chloride and 
Bicarbonate between Plasma and Cor puscles. 














Bicarbonate | | 
| Calculated free | of plasma cen- | Changes in plasma 
carbonic acid trifuged from | Pk: ‘ | concentration caused 
| dissolved in treated blood, | a loride by treatment of 
| blood as result | then saturated —— | whole blood. 
| of treatment. at 20° with 5.5 | Mol. concentration. 
Treatment of | per cent CO2 | 
whole blood before 
centriugation. yecacest te eenaanam 


| 
Vol. per| Mol. (Vol. “ol Mol. lated as Mol. rrr 


Chloride. 


F 
| | | | Caleu- 
| gm 

. concen-| ce roncen-| > concen-| 
| gent | = me ic NaCl nate. 
| 
| 





CO:, | tration.) COz. | tration.) “)oe tration. | | 

} | ter | | 

No treatment, | | | 

blood centri- | 

fuged as | 
drawn........| 3.0*/0.0013} 69.80.0311) 6.13 0.1050) — | — 


Shaken with 100 | 
| 0 0 42.2/0.0188) 6.42 |0.1098|—0.0123)+0.0048 


volumes of air.| 
Shaken with 5.5 | 
per cent CO, 
at 20°, 760 
mm..... ..+--| 5.3 (0.0024 
Saturated with 
pure COs, gas 
at 20°, 760 | 
mmM..... : 86.5 (0.0386) 135.810.0607) 5.48 |0.0939)+0.0296;—-0.0111 





0.0357) 5.95 |0.1017|+0.0046| —0.0033 
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* Blood as drawn assumed to be saturated with 5.5 per cent CO, at 37°, 
760 mm. 


explainable by the migration of HCI from plasma into corpuscles. 
Changes within the limits of physiological possibility, such as 
that caused by changing the carbonic acid CO, from 3.0 to 5.3 
volume per cent of the blood, may be chiefly accounted for by 
this shift in hydrochloric acid. When the carbonic acid is greatly 
altered other electrolytes also become involved in the transfer, 
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for the changes caused by saturating the whole blood with either 
pure carbon dioxide or with air practically free of carbon dioxide 
are, in molecular equivalents, only about one-third as great in 
the plasma chloride as in the bicarbonate (see last column of 
Table XV). 

In connection with the technique for determining the plasma 
bicarbonate, these results, showing the extreme possible effects 
of the acid-base transfer, indicate the magnitude of the changes 
in plasma which it is possible to cause by varying the carbon 
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Fic.7. Effect of free carbonic acid concentration on the distribution of 
chloride and bicarbonate between corpuscles and plasma. Each square, 
ordinate or abscissa, represents a change of 0.01 in molecular concentration. 


dioxide tension of the whole blood at the time the plasma is sepa- 
rated from the cells. Although these extreme effects greatly 
exceed those which could be caused by accidental loss or gain of 
carbon dioxide in handling blood samples, they serve to empha- 
size the importance of this possible source of error, and the 
necessity of observing the precautions for handling blood samples 
given on pages 305 and 306. 

Incidentally the data also indicate the effect which carbonic 
acid changes in whole blood may have on the chloride content 
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of the plasma. The effect in proportion to the total chloride 
is only one-third less than the relative effect on the bicarbonate, 
and if unrecognized could readily become a factor in the results of 
plasma chloride determinations. 


SUMMARY. 


Reasons are discussed for basing both the definition of acidosis 
and the methods for its detection on the blood bicarbonate. 

Experiments are detailed showing both zn vivo and in vitro the 
influence on the plasma bicarbonate of various factors, in partic- 
ular of the shift of bases and acids between plasma and corpuscles 
under the influence of changing carbonic acid concentration. 

A simple technique has been developed by means of which the 
capacity of the plasma to combine with carbonic acid under 
definite tension is determined as a measure of the alkali in excess 
of acids other than carbonic. The plasma, from oxalated blood, 
drawn and centrifuged under definite conditions, is shaken at 
room temperature in a separatory funnel filled with alveolar 
air from the lungs of the operator, or with an artificial air mix- 
ture containing 5.5 per cent of carbon dioxide. The carbon 
dioxide content of the plasma is then determined by the method 
described in the next paper. The results are calculated in terms 
of bicarbonate with the aid of the table on p. 316. The value 
determined appears to indicate not only the alkaline reserve of 
the blood, but also that of the entire body. 

The results obtained with a given plasma are reproducible to 
within | volume per cent of COs, 65 volume per cent being the aver- 
age normal value for man. In acidosis the carbon dioxide capacity 
of the plasma falls so far below normal that the method is a most 
sensitive indicator of this condition and its severity. The sim- 
plicity of the technique and the few minutes required for the 
determination make it available, not only for physiological 
experiments, but also for clinical routine. Results obtained with 
normal men and diabetic patients are given in Papers V and VI. 











nie mex 











D. D. Van Slyke and G. E. Cullen 345 


BIBLIOGRAPHY. 


Allen, F. M., Am. J. Med. Sc., 1917, cliii, 313. 

Austin, J. H., and Jonas, L., Am. J. Med. Sc., 1917, eliii, 81. 

Barcroft, J., The Respiratory Function of the Blood, Cambridge, 1914. 

Beddard, A. P., Pembrey, M. 8., and Spriggs, E. I., Brit. Med. J., 1915, ii, 
389. The authors here give references to work done in their laborator- 
ies by themselves and by Kennaway and Poulton since 1903. 

Benedict, H., Arch. ges. Physiol., 1906, exv, 106. 

Bohr, C., Nagel’s Handb. Physiol. Menschen., Braunschweig, 1909, i, 55-220. 

Boothby, W. M., Am. J. Physiol., 1915, xxxvii, 383. 

Campbell, J. M. H., Douglas, C. C., Haldane, J. 8., and Hobson, F. C 
J. Physiol., 1913, xlvi, 301. 

Christiansen, J., Douglas, C. C., and Haldane, J. 8., J. Physiol., 1914, 
xl vill, 246. 

Clark, W. M., J. Biol. Chem., 1915, xxiii, 475. 

Fitz, R., and Van Slyke, D. D., J. Biol. Chem., 1917, xxx, 389. 

Gettler, A. O., and Baker, W., J. Biol. Chem., 1916, xxv, 211. 

Greenwald, I., J. Biol. Chem., 1915, xxi, 29. 

Giirber, A., Maly’s Jahresber. Fortschr. Tierchem., 1895, xxv, 165-168. 


Haldane, J. S., and Priestly, J. G., J. Physiol., 1905, xxxii, 227. 
Hamburger, H. J., Wien. med. Woch., 1916, Ixvi, 521; Chem. Abstr.; 1917, 
358. 


Hasselbalch, K. A., Biochem. Z., 1911, xxx, 317; Skand. Arch. Physiol., 
1912, xxvii, 1; Biochem. Z., 1913, xlix, 451; 1916, a, Ixxiv, 56; 1916, b, 
Ixxvil, 112. 

Hasselbalch, K. A., and Gammeltoft, 8. A., Biochem. Z., 1915, Ixviii, 205. 

Hasselbalch, K. A., and Linhardt, J., Biochem. Z., 1916, xxiv, 17. 

Henderson, L. J., Am. J. Physiol., 1905-06, xv, 257; 1908, a, xxi, 169; 1908, b, 
xxi, 427: J. Biol. Chem., 1909-10, a, vii, 29; Erge bn. Physiol., 1909, b, 
villi, 254; J. Biol. Chem., 1911, ix, 403. 

Henderson, L. J., and Palmer, W. W., J. Biol. Chem., 1912-13, a, xiii, 393; 
1913, b, xiv, 81; 1914, xvil, 305; 1915, xxi, 37. 

Higgins, H. L., Am. J. Physiol., 1914, xxxiv, 114. 

Higgins, H. L., and Means, J. H., J. Pharm. and Exp. Ther., 1915, vii, 1. 

Howland, J., and Marriott, W. M., Bull. Johns Hopkins Hosp., 1916, xxvii, 
63. 

von Jaksch, R., Z. klin. Med., 1888, xiii, 350. 

Jaquet, quoted by Bohr, p. 109. 

Krogh, A., and Krogh, M., Skand. Arch. Physiol., 1910, xxiii, 179. 

Lundsgaard, C., Biochem. Z., 1912, xli, 247. 

Magnus-Levy, A., Arch. exp. Path. u. Pharm., 1899, xlii, 149. 

McLean, F. C., and Van Slyke, D. D., J. Biol. Chem., 1915, xxi, 361. 

Michaelis, L., and Davidoff, W., Biochem. Z., 1912, xlvi, 131. 

Michaelis, L., and Rona, P., Biochem. Z., 1912, xliv, 232. 

Michaelis, L., Die Wasserstoffionenkonzentration, Berlin, 1914. 








346 Plasma Bicarbonate 


Morawitz, P., and Walker, J. C., Biochem. Z., 1914, Ix, 395. This paper 
includes a partial review of former work on the blood carbon dioxide 
as a measure of the alkaline reserve. 

Naunyn, B., Der Diabetes Mellitus, Vienna, 1906. 

Palmer and Henderson, Arch. Int. Med., 1913, xii, 153; 1915, xvi, 109. 

Palmer, W. W., Mass. Med. Soc., 1913, xxiv, 133. 

Peabody, F. W., Arch. Int. Med., 1914, xiv, 236. 

Peters, J. P., Am. J. Physiol., 1917, xliii, 113; Proc. Soc. Exp. Biol. and 
Med., 1916-17, xiv, 118. 

Plesch, J., Z. exp. Path. u. Ther., 1909, vi, 380. 

Porges, O., and Leimdérfer, A., Med. Klin., 1915, xi, 219. 

Sellards, A. W., Med. Rec., 1914, Ixxxv, 126 (editorial). 

Sonne, C., Arch. ges. Physiol., 1915-16, elxiii, 75. 

Stillman, E., Van Slyke, D. D., Cullen, G. E., and Fitz, R., J. Biol. Chem., 
1917, xxx, 405. 

Straub, H., Deutsch. Arch. klin. Med., 1913, cix, 223; 1915, exvii, 307. 

Van Slyke, D. D., J. Biol. Chem., 1917, xxx, 347. 

Walter, F., Arch. exp. Path. u. Pharm., 1877, vii, 148. 

Zuntz, N., Beitrige zur Physiologie des Blutes, Dissertation, Bonn, 1868. 

















CRIT ces HN 








STUDIES OF ACIDOSIS. 


II. A METHOD FOR THE DETERMINATION OF CARBON DIOXIDE 
AND CARBONATES IN SOLUTION.* 


By DONALD D. VAN SLYKE. 
(From the Hospital of The Rockefeller Institute for Medical Research.) 


(Received for publication, April 26, 1917.) 


Previous methods for the determination of carbon dioxide in 
blood have been based chiefly on procedures for either boiling 
the carbon dioxide out of solution under diminished pressure, 
or for measuring the gas pressure resulting from addition of acid 
to the blood in a closed chamber (methods of Haldane and 
Barcroft). 

The chief difficulties encountered in attempting to extract the 
carbon dioxide from water solution under diminished pressure 
and measure the gas have been the difficulty of complete extrac- 
tion and the readiness with which the carbon dioxide is reab- 
sorbed by the watér as soon as the vacuum is released. In order 
to avoid these difficulties recourse has been had to boiling under 
diminished pressure.!. The boiling drives out the gas completely 
from solution, so that it can be collected in a separate chamber 
and measured over mercury. The process, however, necessi- 
tates complicated apparatus, is time-consuming, and is likely to 
prove troublesome on account of the foaming of such a viscous 
mixture as blood. This method has, in practice, therefore 
been completely displaced by the Barcroft-Haldane methods with 
their relative rapidity and simplicity.’ 

* A preliminary report of the work was published in Proc. Soc. Exp. 
Biol. and Med., 1914-15, xii, 165. A description of the use of the same 
apparatus for oxygen determination in blood was reported in zbid., 1917, 
xiv, 84. 

1 Abderhalden, E., Handb. biochem. Arbeitsmethoden, Berlin, 1910, 
lili, 678-682. 

2 Barcroft, J., and Haldane, J. S., J. Physiol., 1902, xxviii, 233. Bar- 
croft, J., and Higgins, H. L., ibid., 1911, xlii, 512. 
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The vacuum extraction principle has advantages, however, 
as recently demonstrated by Swanson and Hulett, in the short 
time within which, under low pressure, equilibrium is attained 
between the gas contents of water and atmosphere, and in 
the fact that the gases are obtained for direct volumetric 
measurement.’ 

In their method complete extraction of dissolved gases is not 
attempted. The solution is shaken at room temperature in an 
evacuated chamber, where the volume relations between the 
liquid and the free space are known. A definite proportion of 
each gas escapes into the free space, and the residue remaining 
in solution is calculated from the solubility coefficient of the 
gas. To prevent reabsorption of the gases, Swanson and 
Hulett transfer them to a burette without releasing the vacuum. 

To simplify the application of the same principle to blood 
analysis and make the entire operation possible with a one-piece 
apparatus, we have varied the technique by remeving the water 
instead of the gas from the chamber after the extraction, so that 
the gases can be measured over mercury in a calibrated tube at 
the top of the same chamber. 


Apparatus. 


The apparatus as shown in Fig. 1 is designed in proportions 
especially adapted to determination of carbon dioxide in blood 
plasma. It consists essentially of a 50 ce. pipette with three- 
way cocks at top and bottom, and a 1 ee. scale on the upper stem, 
divided into 0.02 ce. divisions. At the bottom the apparatus 
is connected by a heavy walled rubber tube with a levelling 


’ Swanson, A. A., and Hulett, G. A., J. Am. Chem. Soc., 1915, xxxvii, 
2490. The use of the principle in the development of the present method 
is due directly to Professor Hulett’s suggestion. 

‘The apparatus is manufactured by the Emil Greiner Company, 55 
Fulton St., New York. 

Caution in Setting up Apparatus.—The jaws of the strong clamp in which 
the 50 ce. pipette of the apparatus is held should be lined with thick, soft 
pads of rubber. The pipette has to be clamped firmly, because of the 
weight of the mercury. 

In order to prevent accidental slipping of the apparatus from the clamp, 
an iron rod of 6 or 8 mm. thickness should be so arranged as to project 
under cock f between ¢ and d. 
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bulb filled with mercury. The chamber, d, serves to draw off 
the solutions, as above mentioned, after the carbon dioxide has 
been extracted from them, the other bottom connection, c, 
serving for subsequent release of the vacuum by the entrance of 
mercury. The apparatus is made of strong glass, in order to 
stand the weight of mercury without danger of breaking, and is 
held in a strong screw clamp, the jaws of which are lined with 
thick pads of rubber. Capillary a is used for convenient removal! 
of solutions from the apparatus. It may also for special gas 
analyses be used to connect the apparatus with an absorption 
pipette. Three hooks or rings at the levels 1, 2, and 3 serve 
to hold the levelling bulb at different stages of the analysis. 

The calibrated upper stem of the pipette is of such diameter 
that 1 mm. of length corresponds to about 0.01 cc. By estimat- 
ing tenths of a 0.02 ce. division, gas volumes can be read to 
0.002 ee. 

In order to justify such reading the apparatus must be accu- 
rately calibrated. To calibrate it one attaches to the outlet at 
the bottom, a short glass tube drawn out into a capillary tip, and 
fills the apparatus by suction with distilled water as far as the 
bottom of cock e. By manipulation of cock f the water is drawn 
off, 0.1 cc. at a time, into a weighing bottle, and weighed to 
within | mg. 

It is essential that the cocks, especially f, shall be held in place 
so that they cannot be forced out by pressure of the mercury. 
For this purpose rubber bands may be used, but we have found 
elastic cords of fine wire spirals applied in the same manner as 
rubber bands to be stronger and more durable. 


The Determination. 





Outline.—Briefly stated, the 50 ce. pipette of the apparatus 
being full of mercury, the solution to be analyzed is acidified 
within the pipette, the total volume of water admitted being 
preferably 2.5 ce. A Torricellian vacuum is then obtained in 
the pipette by lowering the levelling bulb. The carbon dioxide 
is extracted from the water by a half minute’s shaking in the 
evacuated chamber, and the water is drawn out of the 50 ce. 
chamber into d. Mercury is then readmitted through c, and 
the volume of gas is read at atmospheric pressure in the finely 
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graduated upper stem of the pipette. The observed volume is 
corrected by subtraction of the amount (0.04 to 0.05 ec., accord- 
ing to temperature) of air which enters the apparatus dissolved 
in the water, and by addition of the 4 to 5 per cent of the total 
(Oz which remains unextracted because of its solubility in water. 
These corrections can be determined directly, as will be described, 
but can be calculated so accurately from the known solubilities 
of air and carbon dioxide in water that ordinarily only the single 
reading of the volume of gas first extracted is necessary, the result 
being calculated by a factor which includes all the corrections. 
Testing the Apparatus.— Before a determination is made, the 
entire apparatus, including the capillaries above the upper cock, 
is filled with mercury. To test the apparatus for tightness and 
freedom from gases the mercury bulb is lowered to position 3, 
so that a Torricellian vacuum is obtained, the mercury falling 
to about the middle of d. The levelling bulb is then raised again. 
If the apparatus is tight and gas-free the mercury will refill it 
completely and strike the upper cock with a sharp click. In 
case there is any gas in the apparatus it serves as a cushion; the 
click is not heard, and a bubble remains above the mercury. 
If this is the case, the apparatus must be repeatedly evacuated 
until the gas has all been removed. Before the apparatus has 
been used, the rubber tubing, and even the glass walls, hold 
measurable amounts of gases, which are given off when the 
apparatus is evacuated. After it has once been freed from these 
gases, however, it can be used indefinitely without further trouble 
from this source if no air is admitted again. It is always desir- 
able, nevertheless, before making the first determination of a 
series, to test the apparatus as above described. 
Determination.—The apparatus, including both capillaries above 
the upper cock, is entirely filled with mercury, and the cup at the 
top washed free of acid with carbonate-free ammonia (see “ Remarks 
on details’ below). The solution to be analyzed is then run from a 
pipette into the cup. When the solution, like plasma, contains some 
free carbonic acid as well as carbonate, the tip of the pipette 
must dip below the surface of the solution in the cup dur.ng the 
transfer. If the liquid were allowed to run through the air in a 
free stream, carbon dioxide would escape from it. The apparatus 
is designed to take most conveniently 1 ec. of solution, but satis- 


THE JOURNAL OF BIOLOGICAL CHEMISTRY, VOL. XXX, NO. 2 











352 Determination of Carbon Dioxide 


factory determinations can be made with smaller and larger 
amounts. With the mercury bulb at position 2, and cock f in the 
position shown in the figure, the solution is admitted from the 
cup into the 50 ee. chamber, leaving just enough above the cock 
to fill the capillary b. The cup is washed twice into the pipette 
with about 0.5 ce. of water each time, and finally 0.5 ce. of 5 
per cent sulfurie acid is run in. In plasma analyses a small 
drop of caprylic alcohol to prevent foaming should precede the 
sulfuric acid (see “Remarks on details’ below). 

It is not necessary that exactly 1 cc. of wash water and 0.5 ee. 
of acid shall be taken, but the total volume of the water solution 
introduced must extend exactly to the 2.5 cc. mark on the appa- 
ratus, if the special formulas of Table I are to be used. As each 
portion of water is added, enough is left above the cock to fill 
the capillary, so that no air can enter the latter with the next 
solution that is added. After the acid has been admitted a drop 
of mercury is placed in 6 and allowed to run down the capillary 
as far as the cock in order to seal the latter. Whatever excess 
of the sulfuric acid remains in the cup is washed out with a little 
water. 

After all the solutions are in the pipette, the upper cock being 
closed and sealed with mercury, the mercury bulb is lowered 
and hung at position 3, and the mercury in the pipette is allowed 
to run down to the 50 ec. mark, producing a Torricellian vacuum 
in the apparatus. When the mercury (not the water) meniscus 
has fallen to the 50 ce. mark, the lower cock is closed, and the 
pipette is removed from the clamp. Equilibrium of the COz 
between the 2.5 cc. of water solution and the 47.5 cc. of free space 
in the apparatus is obtained by turning the pipette upside 
down fifteen or more times, thus thoroughly agitating its contents. 
The pipette is then replaced in the clamp. 

By turning the lower cock the water solution is now allowed to 
flow from the pipette completely into d without, however, allow- 
ing any of the gas to follow it. The levelling bulb is then raised 
in the left hand, while with the right the cock is turned so as to 
connect the pipette with c. The mercury flowing in from c¢ 
fills the bedy of the pipette, and as much of the calibrated stem 
at the top as is not occupied by the gas extracted from the solu- 
tion. A few hundredths of a ce. of water which could not be 
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eompletely drained into d float on top of the mercury in the 
pipette, but the error caused by reabsorption of carbon dioxide 
into this small volume of water is negligible if the reading is made 








Volume of Gas Measured. 
\ 
Column of Water Solution 
-~----- Level of Mercury Surface 
~~. tn Levelling Bulb. 
~~ Level of Mercury 
Meniscus in Pipette. 


at once. The mercury bulb is placed at such a level that the gas 
in the pipette is under atmospheric pressure, and the volume of 
the gas is read on the seale.6 This concludes the analysis as it 


5 In order to have the column in the pipette exactly balanced by that 
outside, the surface of the mercury in the levelling bulb should be raised 
until it is level with the mercury meniscus in the pipette, and then, for 
entire accuracy, raised above the latter meniscus by a distance equal to 
*; the height of the column of water above the mercury in the pipette 
(Fig. 2). As the water column is, as a rule, only about 10 mm. high, the 
correction that has to be estimated in less than 1 mm. of mercury, 7.e., 
the entire correction for the water column, is not enough to influence 
results appreciably. 
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is ordinarily done, and the results are calculated with Table I, or, 
when plasma CO, capacity is being determined, with the table on 
p. 316 of the preceding paper. 

After the determination has been finished, the levelling bulb 
is again lowered without opening the upper cock, and most of the 
mercury is withdrawn from the pipette through c. The water 
solution from d is readmitted and, the levelling bulb being raised 
to position 1, the water solution, with a little mercury, is forced 
out of the apparatus through a.° 

The apparatus is now ready for another determination. It is 
not necessary to wash it out, since the few drops of water which 
remain in it attached to the walls hold no measurable amount 
of carbon dioxide. One can, consequently, perform series of 
determinations at the rate of one every 3 or 4 minutes. 

When not in use the entire apparatus should be filled with 
water. Aside from keeping the cocks properly greased, this is 
about the only special attention it requires. The mercury is 
occasionally cleaned by straining it through chamois skin. 


Remarks on Details of the Determination. 


As a precaution it is advisable immediately before starting the 
analysis to wash the cup of 6 with a carbonate-free solution of 
about 1 per cent concentration of ammonia. This treatment 
assures an alkaline reaction in the cup, which is essential to pre- 
vent the possible escape of carbon dioxide from the solution 
analyzed. The precaution is particularly advisable because the 
last fluid regularly passing through 6 in each determination 
is 5 per cent sulfurie acid. Ordinary ammonia solution can be 
made carbonate-free by adding a small amount of saturated 
barium hydrate solution. The barium carbonate is filtered off, 
and the excess of barium remaining is precipitateg with a little 
ammonium sulfate. 

An ordinary 0.5 or 1.0 ce. Ostwald pipette may usualiy be em- 
ployed in transferring the solution to be analyzed to the receiving 


6 It is well to have a funnel draining into a special vessel to catch the 
water residues and mercury overflow from a. A considerable amount of 
mercury is thus regained if many analyses are run. It requires only strain- 


ing through cloth or chamois skin to prepare it for use again. 














355 


Donald D. Van Slyke 


cup b. The pipettes may be calibrated either for delivery to 
a mark on the lower stem, or for blowout delivery. In the latter 
case the final drop is expressed by closing the top of the pipette 
with the forefinger of one hand, and warming the bulb with the 
palm of the other. The expansion of the air in the bulb of the 
pipette forces the drop out at the tip, without following it with 
a stream of air. The blowout pipette may be used for any solu- 
tion in which the COs tension is less than one-fifth of an atmos- 
phere. If it is higher, the pipette calibrated to deliver between 
two marks must be used, as an appreciable amount of CO: escapes 
from the upper layer of solution in the pipette. In the doubly 
marked instrument this layer is not expelled, and does not influence 
the analysis. 

If the solution analyzed is, like blood plasma, viscous and likely 
to foam when the gas leaves it, it is convenient, though not abso- 
lutely necessary, to add a small drop of caprylic aleohol. With 
plasma, 0.02 cc. of the alcohol is sufficient to prevent foaming, and 
does not affect the results. It is measured most conveniently from 
a burette made by fusing a capillary stop-cock onto a pipette 
graduated into 0.01 cc. divisions. The drop of ecaprylic alcohol 
is placed in 6 before the 0.5 ec. of acid is added, and is permitted 
to flow entirely into the capillary abovee. It is then pushed into 
the pipette ahead of the acid when the latter is admitted. If the 
alcohol were not trapped in the capillary, it would float on top 
of the acidified water solution next added and be impossible to 
transfer to the chamber below. 

It is desirable to keep the amount of caprylic alcohol small, as 
larger amounts may appreciably increase the results, because of 
the vapor tension of impurities which the alcohol may contain, 
and because it dissolves much more air per unit volume than does 
water. Every lot of caprylic alcohol used should be tested by 
analyzing standard carbonate solutions with and without the 
addition of the alcohol. If the latter causes an appreciable 
error it should be redistilled, preferably under reduced pressure. 
We have always found Kahlbaum’s caprylic alcohol, “‘Oktyl- 
alkohol, Sekunddr I’’ to give satisfactory results without purifica- 
tion, but this is not the case with all brands. Satisfactory 
saprylic alcohol can be made by letting castor oil stand over 
night with an equal volume of concentrated sodium hydrate 
solution, and distilling from an oil bath (Beilstein, i, 238). 





















356 Determination of Carbon Dioxide 


Direct Determination of the Dissolved Air and of the Carbon Dioxide 
Not Removed by the First Extraction. 


The gas obtained by a single extraction represents, according 
to the temperature, from 95 to 96 per cent of the carbon dioxide 
that was in the solution analyzed, plus all of the air, 0.04 to 0.05 
ec., dissolved under atmospheric pressure by the 2.5 ec. of water 
introduced into the pipette. This volume of air, which must be 
deducted from the total gas volume, we usually calculate from 
the solubility of air in water at the room temperature prevalent 
(the solutions being shaken with air before use, in order to make 
certain that they are saturated). The air can, however, readily 
be determined after absorption of the carbon dioxide. For the 
direct determination, one admits through the upper cock, after 
measuring the gas, a little 10 per cent potassium hydraté solu- 
tion, which in running down the inner wall of the calibrated tube 
absorbs all the carbon dioxide. The mercury bulb is then held 
at the proper level’ and the volume of residual air is read off on 
the upper part of the scale. 

As stated above, from 4 to 5 per cent of the carbon dioxide 
remains in solution in the water after equilibrium has been reached. 
CO, per ec. atmosphere 

COz per ec. water 
varies between 1 and 0.8 over the ordinary range of room tem- 
perature. In order to determine this unextracted carbon dioxide 
directly, the gas and water in the top of the pipette are, after the 
gas volume is read, forced out through a. In case alkali has 
been run in for a direct determination of the air, a little acid is 
run in to wash out the pipette, and is then removed through a. 
The pipette is then evacuated, the mercury run down to 
the 50 ec. mark, and the water solution in d readmitted into the 
50 cc. chamber. The apparatus is then shaken as before by 
inverting it ten or twelve times, the water solution is drawn off 
into d, and the extracted gas measured in the calibrated upper 
stem of the pipette. The second extraction removes 95 per cent 
of the 4 or 5 per cent of the total carbon dioxide which was not 
taken out by the first extraction. Consequently the two extrac- 
tions give 99.8 per cent of the carbon dioxide that was dissolved 
in the solution analyzed.’ 





This is because the Henry coefficient 


7 No measurable amount of air is obtained by the second extraction. 
The solubility of air is so slight that it is all removed by the first extraction. 
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Calculation of Results. 


When the determination is direct throughout, the carbon diox- 
ide being completely obtained by two extractions, while the ad- 
mixed air in the first gas extract is measured after absorption of 
the carbon dioxide, one has merely to multiply the total volume 
of CO, obtained by the weight of 1 cc. of moist CO, at the pre- 
vailing temperature and barometric pressure. 

The second extraction can, however, like the determination of 
admixed air in the first gaseous extract, be dispensed with by 
utilizing Henry’s law. The volume of water and of the free 
space in the evacuated pipette being fixed, the proportion of 
carbon dioxide remaining in the water when equilibrium has 
been established can be accurately calculated from the solubility 
coefficient in a manner which will be discussed below. By utili- 
zation of this principle the entire determination can be reduced 
to one extraction and the measurement of the gas ‘extracted, 
the correction for unextracted carbon dioxide, as well as that for 
the air carried into the system in water solution, being made by 
calculation, ‘with results as accurate as can be obtained when 
both corrections are determined by direct measurement. In 
fact, the calculation of these two corrections by Henry’s law is 
as a rule somewhat more accurate than their direct determination, 
as the solubility coefficients for air and carbon dioxide are accu- 
rately known, and the experimental error involved in the two 
extra readings is dispensed with when the corrections are calcu- 
lated from the solubilities. 

The formula for the calculation is developed as follows. 


= Volume of carbon dioxide, reduced to 0°, 760 mm. in solution 

analyzed. 

V = Volume of gas, obtained by one extraction and measured at 
atmospheric conditions of t° temperature and B mm. Baro- 
metric pressure. 

f = temperature factor for reduction of volume of gas, measured 

moist at t°, to volume occupied by dry gas at 0°. 

= cc. of water solution introduced into apparatus. 

= solubility coefficient of air in water. 


“ “ ae CO,. ac “é 


V 0°, 760 


™! 
| 


. 
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air 


“CO, 
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The solubility coefficients @,:. and 2002 used here express the ec. of air or 


CO: measured at t° (not 0°) dissolved by 1 cc. of water in contact with pure 
air or CO:. 

Since S ce. of water, saturated with air at atmospheric pressure and 
therefore containing Sa... ce. of air, is introduced into the apparatus, 





uir 
and is completely removed by the first extraction, the volume of CO, in the : 
CO, + air mixture measured after a single extraction is V — 8 aa : 


S 
“0 ‘ ° ° 
Since, however, = of the vacuum chamber is occupied by water at the 


e 


time of the extraction, = %CO: parts of the carbon dioxide present remain 








dissolved in the water phase. The volume of CO, extracted is therefore 











be) — ‘ , 
only 1 — = °CO: of the total, and must be divided by this value to give the 


0 





total. 
Therefore: 









V-8a,;, 
Total COz measured at room temperature =————=——-—— 
5 a, 
| = = oh 
a0 
When, as in the routine analyses, S = 2.5 ec. the equation becomes 
V — 2.5 agir 
Total CO, measured at room temperature =—>—y y= 
1 — 0.05 a 0 





Introducing the corrections for temperature and barometer, we have 
B 


1 — 0.05 aco, i 760 


The rg es of ’ ‘ , anc . i s»mper: re CoO ffici 3 88 ici B 4 
rhe values of f 200, und a, ;,, with tem] iture coefficients sufficiently 





(1) Vo°, 760 = (V — 2.5 air) X 







exact to affect results calculated with the above formula by not more than 
0.1 per cent between 15° and 30° are’ 
f = 0.999 — 0.0046 t 
= eS 997 
“Co, 1.412 0.0225 t 


= 0.0255 — 0.00033 t 






a 





air 
Introducing these values, we have 


V —2.5 = V — 0.063 + 0.0008 t 
f 


1 - 0 05 es | ‘O, 







1.074 + 0.0061 t + 0.000,005,5 t? 





Il 


1.074 + 0.0059 t (between 15° and 30°) 












8’ The values for a and ai. are those of Bohr and Bock (Chem. 
« 


CO, 
Kalendar, 1912, i, 271 and 275). They are recalculated so that the values 
are here expressed in volumes of CO, at t°, 760 mm., instead of 0°, 760 mm., 
as in the original. 
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Whence: 


(2) Vo°. 7690 = (V — 0.063 + 0.0008 t) (1.074 — 0.0059 t) ran 
‘ 


To express the results in mg. of carbon dioxide, we multiply the second 
factor by 1.964, the weight of 1 ce. of the gas at 0°, 760. mm. 
We then have: 


(3) Mg. CO, = (V — 0.063 + 0.0008 t) (2.109 — 0.0116 t 


760 
For convenience in calculating results obtained at different temperatures 
the following table is given. If, for example, 0.69 cc. of gas are measured 
me Zl 750 
at 22°, 750 mm., the mg. of CO: indicated = (0.690 — 0.045) & 1.854 > =) 
UV) 


= 1.180 mg. 
If the result is desired in ec. of COs reduced to 0°, 760, it is (0.690 — 


0.045) x 0.944x ™ = 0.601 ce. 
760 

The degree of accuracy attainable by this method is indicated 
by the following analyses. The solutions were made by weight 
from Merck’s reagent anhydrous NaeCOs3, which had been heated 
in an oven to insure its dryness. 1 cc. of solution was used for 
each analysis. The second extraction of carbon dioxide was 
performed in each case, and the volume of carbon dioxide ob- 
tained by it is given in the last column. The next to the last 
column gives the volume of carbon dioxide allowed for by Equa- 
tion 1 as the residual volume of COs gas not removed from solu- 
tion by the first extraction; 7.e., the difference between the values 
‘alculated by Equation 1 as it stands, and the values calculated 
without the term —0.05 a, ‘0, in the denominator. Comparison 


of the last two columns shows that the calculated and observed 
amounts agree within the limit of error of the latter. 

The results show both that the method is free from serious 
error, and that the extra labor of determining the “dissolved 
air’ to be subtracted, and the ‘‘unextracted carbon dioxide”’ to 
be added to the first reading, can be dispensed with; as these 
corrections can be calculated with probably even greater accuracy 
than they can be determined in this apparatus. Consequently 
the necessary labor is reduced to extracting the carbon dioxide 
once from its solution, reading the volume of gas obtained, and 
‘calculating the result with the aid of Table I. The results of 
blood plasma analyses are given in accompanying papers. 
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TABLE I. 


Carbon Dioxide Indicated by Reading of V Cc. of Gas after a Single 
Extraction. 





| 
| Air dissolved in 2.5 ce. | 
' * | 


| Subtract this from V 

Temperature of || and multiply result 
analysis. by A to calculate 
| meg. CO2, by C to} 

calculate ce. COz re- 

duced to 0°, 760 mm. 





B** 
— xX 0.985 
760 


050 | 980 

049 974 

048 ‘ 968 

048 “ 962 

047 956 

21 046 | | 950 
22 045 | 944 
2: 045 842 938 
24 044 831 9 932 
25 043 819 | 927 
26 042 808 | 921 
27 O41 796 | O15 
28 040 784 909 
29 040 773 903 


30 0.039 761 897 








* This correction can be used when, as in the case of plasma and most 
other solutions, the oxygen and nitrogen dissolved by water from air at 
atmospheric pressure are the only gases besides carbon dioxide given off 
in appreciable amounts by the acidified solution. In the analysis of whole 
blood, however, one also extracts part of the oxygen bound by the hemo- 
globin, and in this case the volume of gases other than CO, must be deter- 
mined directly after absorbing the CO, with 10 per cent KOH solution. 


4 f B barometric pressure in mm. 
** For convenience the values of — { = 
760 760 





for ordinary atmospheric pressures are given after Table I at the end of 
the paper immediately preceding this. 
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TABLE IL. 
Analyses of Standard Carbonate Solutions. 








g = 2 Unextracted CO: 
ek levees! & s a & | Allowed | Obtained by 
=}= Eesc.cé & E a6- ae for in cal- | second extrac- 
SS |ee22F = - SEE ie teeaeeee —_ 
Z. - - jo) 0 0 
gm | ce nf mm, mg mg ce C 
3.616 0.862 | 24 758 1.491 | 1.500! 0.037 (0.035 
0.866 | 24.5 758 1.501 | * 0.036 0.033 
“ | 0.868} 25 758 | 1.504) =“ 0.036 0.035 
« | 0.867] 25 758 | 1.502} “_| 0.036 |0.034 
2410 | 0.505 | 24 756 | 1.004} 1.000) 0.024 0.022 
“ | 0.597 24.5 | 756 | 1.006 | as 0.024 |0.024 
« | 0.592} 23.5 | 756 | 1.000} “ 0.024 (0.024 
« | 0.594! 235 | 756 | 1.008| “ | 0.024 |0.026 
205 | 0.318 | 22 | 756 | 0.501 | 0.500) 0.012 0.010-0.015* 
“ 0.318} 22 | 756 | 0.501) “ 0.012} “ 
“« | 0.316{ 22 | 756 | 0.498 “ | 0012; “ 
« | 0.315 |} 22 | 756 | 0.497 | “ 0.012; “ 








* Entirely accurate measurement was impossible so near the zero point 
of the scale. 


Anaiysis of Solutions, Such as Whole Blood, Which Yield Other 
Gases, in Addition to Carbon Dioxide and the Amount of 
Air Dissolved by Water at Atmospheric Pressure. 


With such solutions the carbon dioxide must be determined 
directly by absorption with potassium hydrate solution, as de- 
scribed on p. 356. The carbon dioxide volume thus obtained 
is multiplied by the value of A or C in Table I corresponding to 
the temperature of the analysis. 

This method must be utilized when the carbon dioxide content 
of whole blood is determined, as about two-thirds of the oxygen 
combined with the hemoglobin is obtained by the extraction of 
the acid solution. 


Micro-Apparatus for Estimation of Carbon Dioxide in Small 
Volumes of Solution. 


The micro-apparatus described below is designed to measure 
within 1 volume per cent the small amounts of carbon dioxide 
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(0.1 to 0.15 ee.) in 0.2 ce. of blood plasma. As will be seen, the 
principle of extraction in a Torricellian vacuum is utilized, as 
with the larger apparatus, but the manner of application is some- 
what different from that followed with the latter. Instead of 
measuring the gas in the extraction chamber after removal of 
the water, the gas is transferred to a separate measuring chamber 
without release of the vacuum. 

A pparatus.—The nature of the apparatus is evident from the 
figure.. The use of a glass tube instead of rubber as part of the 
connection between the apparatus and the levelling bulb is 
necessary because the minute amounts of gas which rubber may 
give off are sufficient to affect results appreciably. The curve 
in the lower part of this glass tube serves as a trap to catch any 
small gas bubbles which might come from the rubber tube form- 
ing the remainder of the connection with the levelling bulb. 
The reasons for other differences in structure become evident 
when the directions below for using the apparatus are read. 

The capillary tube in which the gases are measured is divided 
into 100 divisions of 0.002 ce. each, numbered from 1 to 100 
rather than in absolute volumes, so that when 0.2 cc. of carbonate 
solution is analyzed each division indicates a volume equal to 1 
per cent that of the solution. The different parts of the micro- 
apparatus are in the same relative proportions as the corre- 
sponding parts of the larger apparatus, being one-fifth as large. 
Consequently when 0.5 ec. of total water solution is introduced 
the same formula (Table I) can be used for calculating results 
as in the case of the large apparatus, each division of 0.002 ce. 
on the smaller corresponding to 0.01 cc. on the larger. 

Determination.—The apparatus being entirely filled with mer- 
cury, the solution or plasma, usually 0.2 ec., is measured into 
cup a at the top of the apparatus, the tip of the pipette being 
kept in contact with the liquid in the cup during the delivery. 
An Ostwald pipette with a heavy walled capillary stem of about 
1mm. inner diameter is used. The pipette is calibrated to deliver 
0.2 ec. between two marks, the lower of which is 3 to 4 em. above 
the tip, as with such small amounts more accurate results are 
obtained by draining the pipette between two points than by 
blowout delivery. The solution is washed from a into 6 with 


two portions of about 0.1 cc. of water each, the water being dis- ° 
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tributed about the lower part of the wall of a with a fine-pointed 
medicine dropper. Enough 5 per cent sulfuric acid is then 
admitted to fill 6 down to the 0.5 ce. mark. No caprylie alcohol 
need be added, even with plasma, to prevent foaming. The ad- 
mission of the successive portions of liquid from a into 6 is best 
controlled by leaving open the connection between a and b, and 
governing the inflow with cock e. 

The 0.5 ec. of water solution being all within b, cock d is turned 
to connect a with c, and a little mercury is forced up into a where 
it serves to provide the necessary mercury seal to cock d. 

Cock d is now turned to the position shown in the drawing, 
which represents the apparatus at this stage of the determination. 
Chamber 6 is evacuated till the mercury has fallen to the 10 ee. 
mark. Cock e is then closed, the clamp about c is loosened, and 
the apparatus is shaken by moving it to the horizontal position 
and back a dozen times. Extraction seems even quicker than 
with the larger apparatus. The clamp below e is not loosened 
during this or any other part of the analysis. 

The apparatus is returned to the upright position, and c, 
which has hitherto been full of mercury, is evacuated. Then, 
the levelling bulb being raised to about the level of e, d is 
turned to connect 6 and c, and mercury is at once admitted 
through e into 6. As b fills with mercury the rarefied gases in it 
pass over into c. When the solution in 6 has risen to the nar- 
rowed upper portion of the chamber the rate of flow is retarded, 
and is cautiously allowed to progress until the meniscus of the 
water just or almost reaches cock d. Cock e is then closed and d 
is turned to connect a and b. Mercury from a flows into the 
evacuated bore of d and seals the cock with a completeness which 
is necessary for an accurate final reading of the gas now in ec. 
The amount of gas trapped in the bore of d is negligible. 

Cock e is now turned to admit mercury into c, and the volume of 
gas trapped in the calibrated capillary at the top of ¢ is read off 
at atmospheric pressure, the levelling bulb being so held that the 
surface of the mercury in it is level with the mercury meniscus 
in the capillary. The results are calculated by the same tables 
used for the larger apparatus. The barometric pressure must 
be corrected, however, for the effect of capi!lary attraction on 
the mercury in the calibrated capillary. This correction is read- 
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ily determined by connecting ¢ with the outer atmosphere through 
d, holding the levelling bulb near to the calibrated capillary, and 
measuring the difference between the levels of the mercury sur- 
faces in the bulb and the capillary respectively. In our appa- 
ratus, with a capillary of somewhat more than 1 mm. bore, the 
capillary action held the mercury meniscus 4 mm. below the 
mercury surface in the levelling bulb. Consequently 4 mm. is 
deducted from barometric readings in making the gas calculations. 

Before every analysis, even of a series made at one time, the 
apparatus must be cleared of any minute bubbles by lowering 
the mereury bulb and evacuating both chambers 6 and ¢ as well 
as the tube for some distance below cock e. When the mercury 
is readmitted a little is foreed up into a from both chambers, 
carrying with it any bubbles which may have been detached from 
the walls. This precaution is absolutely necessary if results are 
to be obtained within the 1 per cent limit of accuracy. 

Air is admitted into the apparatus as seldom as possible be- 
‘ause it is adsorbed by the glass walls and held, even after read- 
mission of mercury, in amounts sufficient to cause gross errors. 
In case air is admitted, it must be removed by evacuating the 
apparatus twice in the manner described in the preceding para- 
graph before an analysis is performed. 


Calibration of the Micro-A pparatus. 


4, 


The capillary measuring tube may be calibrated in two ways, 
either by weighing the mercury which it delivers, or by analyzing 
standard solutions of NasCO; and ascertaining the difference 
between the observed volumes and those calculated with the aid 
of Table I. 

In the mercury calibration it is essential that the capillary 
should be wet, because, from condensed water vapor, it is always 
wet when analyses are performed. Consequently a drop of 
water is run down the calibrated capillary and then expelled 
by mercury. If the tube is clean, just enough water will 
remain attached to the walls to form a layer over the mercury so 
thin that the menisci of mercury and water meet in the middle 
of the capillary. This is the condition under which readings of 
analyses are made. 
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For delivery of the mercury, a glass tube drawn out into a very 
fine capillary is attached to the tube below cock e. The delivery 
of the mercury is controlled with cock e, and the tip of the capil- 
lary is touched to the mercury in the weighing bottle after the 
delivery of each portion. 

For calibration with standard carbonate solutions one simply 
makes analyses in the usual manner. 

Fig. 4 indicates the error that would be introduced by cali- 
brating the apparatus with dry walls; it also shows how closely the 
results of calibrating by means of standard carbonate agree with 
those by the mercury method when the mercury is delivered ; 
from the moist capillary. 
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SUMMARY. 


A simple one piece apparatus is described for determination of 
the carbon dioxide or carbonate content of water solutions. It 
has been designed especially for analysis of 1 ec. samples of blood 
plasma, but is applicable to water solutions in general as well 
as to the determination of dissolved gases other than carbon 
dioxide. 

The entire analysis is performed at room temperature, requires 
about 3 minutes, and without especial precautions is capable of 
accuracy to within 1 per cent of the amount determined. 

A micro-apparatus designed on a similar principle is described. 
With it the carbon dioxide content of 0.2 ec. of plasma can be 
determined with an accuracy of 1 volume per cent. 























STUDIES OF ACIDOSIS. 


III. THE ELECTROMETRIC TITRATION OF PLASMA AS A 
MEASURE OF ITS ALKALINE RESERVE. 


By GLENN E. CULLEN. 
From the Hospital of The Rockefeller Institute for Medical Research 
(Received for publication, April 26, 1917 


It has been definitely established that the reaction of the blood 
is, under normal conditions, constant (Lundsgaard, 1912) and 
may be kept constant even under pathological conditions in- 
volving great lowering of the alkaline reserve (Michaelis, p. 105; 
Benedict, 1906; Peabody, 1914; for more detailed discussion see 
Paper I of this series). Consequently, the hydrogen ion concen- 
tration (C,,) of the blood as drawn from the veins cannot be 
taken as an indicator of the alkaline reserve. 

We may expect, however, that when a given amount of acid is 
added to the blood, the resultant change in C, will be greater 
the less the reserve alkali; or conversely, that less acid will be 
necessary to produce a given increase in C,. The latter prin- 
ciple is essentially that used in methods for titration of the blood 
with indicators, acid being added until the C, is reached at 
which the indicator changes color; and titration methods have 
contributed greatly to our knowledge’ concerning the alkaline 
reserve of the blood and its changes in acidosis (Jaksch, Magnus- 
Levy, Pembrey, and Spriggs). The interpretation of such re- 
sults, however, is clouded by two deficiencies inherent in the 
method. First, the indicators (Bjerrum, 1915), such as methyl 
orange, which can be used to titrate carbonates as alkali change 
color at such a high C,, that the titration measures, in addition 
to the bicarbonate, also an acid binding power of the proteins 
quite out of proportion to the amounts of ‘acid which these sub- 
stances can bind within the limits of C, possible in life (the 
phosphates of whole blood also act as buffers like proteins, but 
they play a minimal réle in plasma). Second, the proteins dimin- 
369 
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ish by their buffer effect and by absorption of indicator the sharp- 
ness of the end-points, and thereby decrease the accuracy of the 
titrations. Attempts to overcome these difficulties by precipi- 
tating the proteins with neutral agents such as ammonium sulfate 
are criticized because the precipitated protein carries down with 
it a considerable part of the alkali (Hoppe-Seyler). Of the above 
two difficulties the first is inherent in every mode of titrating 
blood against strong acids. The second, however, can be avoided 
by determining the C, of the end-point electrometrically 
instead of by indicators, so that even with small amounts of blood 
or plasma results reproducible with a high degree of accuracy 
can be obtained. The present paper presents the results of an 
attempt to develop the electrometric titration into a form prac- 
ticable for use with normal and pathological plasmas,—and the 
comparison of the method so developed with the determination of 
the carbon dioxide combining capacity of the plasma (Van Slyke 
and Cullen, 1917), and of the carbon dioxide tension of the 
alveolar air (see Paper VI of this series). 

The principles of the gas chain method and its practice have 
been so thoroughly reviewed in recent literature (Soerensen, 
1912; Hildebrand, 1913; Michaelis, 1914; Clark and Lubs, 1916) 
that only the necessary details are given here. 


A pparatus. 


All determinations of the H* concentration were made by use 
of the well known gas chain. 

He | HC! | w/10 Kei] S8*Urate? | sojution | H. | Pt 
KC! 

The mercury for the calomel cells was purified in the wet way, 
distilled three times by Hulett’s method (1911), and filtered. 
The calomel was made from this mercury by the method of Loomis 
and Acree (1911)... The nx 10° KCl solution was prepared by 
weight from recrystallized Kahlbaum’s KCl and the standardi- 


1 Electrodes prepared from this calomel have not been very satisfac- 
tory. In later work with the gas chain the calomel has been prepared 
electrolytically as described by Ellis (1916). The calomel has been kept 
under acid and prepared for use by washing by decantation only. Cells 
prepared from such calomel remain entirely constant for long periods. 
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zation verified by chloride determinations by the McLean and 
Van Slyke method. 

The hydrogen was taken from tanks of the Standard Oxygen 
Company and was washed through solutions of HgCh, KMn0O,, 
pyrogallol (twice), dilute H,SO,, and water. This proved to be 
a convenient and satisfactory source of hydrogen. 

The electrodes were made from No. 16 and No. 18 platinum 
wire sealed into glass tubes and platinized with platinum black. 
Small Clark electrode vessels of about 2 cc. capacity were used, 
together with the ingenious Clark shaking device (Clark, 1915). 
This vessel is similar in principle to that of Hasselbalch (1911, 
1913), but is superior to it both practically and theoretically. 
It is designed to give maximum surface of solution and elimination 
of dead space, and to reduce the contact potential between the 
solution and saturated KCl solution to a negligible quantity. 
It is easily manipulated, requires only a small amount of fluid, 
and gives such thorough contact of solution and electrode that 
equilibrium is established inside of a few minutes. This appa- 
ratus is especially convenient when working with carbon dioxide 
containing fluids, for it allows easy and economical renewal of 
the solution without change of hydrogen, the procedure proposed 
by Hasselbalch. The substitution of a 60° 3-way stop-cock with 
a 2-way key for the lower stop-cock of the Clark vessel is a 
decided convenience. 

Several calomel electrodes were kept on hand, and compared 
frequently with one another. An absolute standard was thus 
maintained, and the readings corrected with it. Weston cells 
calibrated by the Bureau of Standards gave the standard poten- 
tial. The readings were taken during the earlier part of the 
work with a bridge of 1,110 ohms resistance boxes and electrom- 
eter as zero point instrument. The external resistance was so 
adjusted that ohms equalled millivolts. Later a Leeds and 
Northrup potentiometer with a galvanometer as zero point instru- 
ment was installed. 

The determinations were run at room temperature, 18-24°, and 
temperature corrections applied. The accuracy of the entire 
determination was tested often by means of Soerensen’s standard 
phosphate and Walpole’s standard acetate mixtures of known 
hydrogen ion concentration. 
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The n/50 acid used in the titrations was prepared by weight from 
a standard HC! prepared by Hulett and Bonner’s (1909) method 
¥ and checked by gravimetric silver chloride determinations. 
Hasselbalch and Gammeltoft (1915) report that freshly plat- 
5 inized electrodes are essential. Our experience entirely corrobo- 
i i rates this observation. The electrodes were always carefully ; 
| cleaned before each determination in accordance with the follow- : 
ing routine. The washed electrodes were placed as cathode in 
the reducing vessel containing 5 per cent H.SO, for 3 minutes 
where the bubbling hydrogen removed a considerable quantity 
of precipitated protein that could not be washed off. Then they 
were rinsed with water, placed as cathode in the platinic chloride 
solution for 2 minutes, rinsed, returned to the reducing vessel 
for 3 minutes, rinsed thoroughly with tap water, and finally 
with distilled water. The electrodes were often checked against 
the standard solutions. 
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- Calculation of Results. 
All H* concentrations are expressed by Soerensen’s symbol 
. . . . be: 
pH, the negative Briggs logarithm of the hydrogen ion concen- H 
tration. pH values are more easily visualized and plotted than : 


those of C,, the actual hydrogen ion concentration. The 
equation for the calculation of results was: 


l E—0.337 
er ele ded Py pee 
Cu 0.0577 [1 + (t° — 18°) 0.0002] 
In our work the variations in potential and temperature were & 


such that it was most convenient to construct tables giving pH 
directly from the observed readings. We used the rounded value 
of 0.337 for the N/10 calomel electrode adopted by the Potential 
Commission (Auerbach). 


Preparation of Solution. 


All our determinations have been made on plasma rather than 
whole or defibrinated blood; because removal of the corpuscles 
eliminates the greater part of the oxygen and consequently allows 
much quicker reduction of the solution by the hydrogen electrode. 
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The blood was drawn into a tube containing a small amount 
of powdered potassium oxalate (always less than 0.5 per cent) to 
prevent clotting, centrifuged at once, and the plasma _ pipetted 
off. Experiments proved that the oxalate had no effect on the 
determination. If it was impossible to run the determination at 
once, the plasma was placed in a stoppered paraffined tube in 
the refrigerator. 

In comparing the alkaline reserve of different plasmas by titra- 
tion with acid, two methods are available. First, the amount of 
acid required to bring the plasma to a definite H* concentration 
may be determined by a series of determinations and consequent 
plotting of the titration curve. Or, second, the H* conecentra- 
tion resulting from the addition of an arbitrarily fixed amount 
of acid may be found. This is the most economical, both of time 
and blood, the deciding considerations when series of observa- 
tions on a number of patients are desired. We therefore used 
the former only to select suitable conditions to use in this 
investigation. 

However, since the initial reaction of all plasmas is practically 
constant and the titration curve is almost a straight line, it is 
entirely possible to construct the curve from one determination 
and from it determine the amount of acid required to bring the 
plasma to any desired reaction. 

HCO; 
NaHCO; 
all samples must be brought to a definite CO. content. The con- 


It is evident from the analysis of the equilibrium that 


ditions under which the blood is drawn, the time elapsing before 
determination, ete., are so variable that the plasma cannot be 
used as it is. Its CO. content must either be fixed under definite 
conditions, or the COs must be removed. 

Two procedures have been followed. The first was worked 
out for and used throughout the investigation of the first series 
of experiments on diabetic acidosis; the second was developed on 
the basis of experience with that series. 


Technique of Determination. 


Procedure A.—It was found that two successive shakings in 
an evacuated vessel, as described in the next paragraph, reduced 
the CO. content to a fairly constant level. Experiments with 
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n/50 HCI! showed that more than three volumes of this acid per 
volume of plasma precipitated some of the proteins. The addition 
of one volume of N/50 acid to one volume of plasma (Fig. 1) 
brought normal plasma to about the neutral point. Plasma with 
less than normal alkaline reserve would, under the same 
conditions, fall on the acid side of the neutral line. 

The oxalated blood was centrifuged and the plasma pipetted 
off. About 3 cc. of the plasma were placed in a 300 ce. separatory 
funnel, which was evacuated by means of a water aspirator to a 
pressure of about 20 mm. The funnel was then rotated for 3 
minutes to insure maximum surface and permit the escape of 
varbon dioxide from the solution. Air was then admitted, the 
funnel was evacuated, and was again rotated for 3 minutes. 
Exactly 1 ec. of this plasma was then measured into a 3 ce. drop- 
ping funnel, and 1 ee. of N/50 HCl added (calibrated 1 ce. pipettes 
were used for both acid and plasma); the funnel was closed by 
means of a small rubber stopper and the solution mixed, without 
shaking. The mixed solution was then allowed to flow through 
a small piece of rubber tubing into the Clark electrode, displacing 
part of the hydrogen with which the vessel had been filled. The 
‘are taken in mixing and introducing the acidified solution was 
to prevent loss of COs. The vessel was then shaken for 3 or 4 
minutes, the electrode adjusted to minimum contact, and the 
potential read. The vessel was shaken again 3 or 4 minutes, a 
fresh contact with the saturated KC! solution was made, another 
reading taken, and the process was continued until equilibrium 
was reached, which usually was at the second or third reading. 

Procedure B.—The method outlined under A is open to the ob- 
jection that careful attention is required to bring the carbon 
dioxide to the arbitrary level. This possibility of error can be 
eliminated by adding enough acid to complete the reaction 
NaHCO; + HCl = NaCl + HeCO;, and then removing all the 
carbon dioxide by evacuation. The carbon dioxide tension of 
the plasma is thus eliminated as a factor in the results, and the 
hydrogen ion concentration is dependent on the equilibrium be- 
tween the plasma buffers, chiefly the proteins, and the excess of 
acid not neutralized by bicarbonate. It was found that the addi- 
tion of two volumes of n/50 HCI to one of plasma was sufficient to 
effect complete decomposition of the bicarbonate, and the re- 
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sulting solution after removal of the carbon dioxide showed a 
C, of about 10° (pH = 5.6). At this point the equilibrium 
in the electrode vessel is obtained much quicker than at the neu- 
tral point. This procedure has, over A, the advantages of greater 


























rapidity, the use of smaller amounts of plasma, and the elimina- 
tion of variations in the carbon dioxide content as a source of 
error. It has the disadvantage, compared with procedure A, 
in that the differences in pH corresponding to given differences 
in ‘“‘alkaline reserve’ are not so great. 

In procedure B two volumes of N/50 HCI are added to one of 
j plasma (the amounts being usually 2 and 1 cc. respectively) in a 
small separatory funnel, 25 to 100 ec., the solution is exhausted ; 
with a water aspirator to about 20 mm., and agitated for 1 min- 
ute. One exhaustion completely removes the carbon dioxide. 
The solution is then transferred to the electrode vessel by a pipette, 





allowed to displace part of the hydrogen, and the reading obtained 
in the same manner as in A. 


EXPERIMENTAL. 





The Determination of the Optimum Amounts of N50 Acid. 


Samples of oxalated plasmas were exhausted twice with the water 
aspirator and the H* of the exhausted plasma determined. Then 
a series of determinations was made varying the ratio of acid and 
plasma volume as shown in Fig. 1. 
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It is evident that the addition of one volume of N/50 acid to one 
volume of plasma brings normal plasma to about the neutral point. 
The acidosis plasma affords an extreme example of diminished 
alkaline reserve. 


Determination of the Number of Exhaustions Required in Water 
Aspirator. 


Samples of plasma were saturated with alveolar air (5.5 per 
cent CQO2), portions were placed in separatory funnels, and ex- 
hausted on a water aspirator to about 20 mm. for periods of 3 
minutes each. During the exhaustion the funnels were rotated 
constantly to expedite the escape of the CO, from the solution. 
Air was admitted to the funnels between exhaustions. 1 cc. por- 
tions were then mixed with 1 ce. portions N/50 HCl in 3 ce. drop- 
ping funnels, as described above, and the contents run into the 
electrode vessels (Table I). 

TABLE I. 


Number of Exhaustions Needed for Procedure A. pH after Adding One 
Volume n/50 HCl to Exhausted Plasma. 





Treatment of sample. 
Human plasma _—— Se a ae ee 


Saturated with Exhausted Exhausted Exhausted 


5.5 per cent CO: once. * twice three times. 
pH pH pH pH 
I 6.42 6.67 6.69 6.69 
2 6.66 6.76 6.78 6.78 
3 6.47 6.638 6.63 
6.45 6.62 | 6.62 
4 7.03 7.03 | 7.03 


* Each exhaustion lasted 3 minutes. 


It appeared from the above that two exhaustions were sufficient 
for our purpose, and it was desirable to avoid as far as possible 
concentrating the plasma by evaporation. Later, however, the 
perfection of Van Slyke’s CO. apparatus furnished an accurate 
and convenient means of checking the above experiments. The 
amounts of carbon dioxide remaining after successive exhaustions 
were determined. The plasma was placed in large separatory 
funnels, the exhaustions were carried out as described under pro- 
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cedure A, and a 1 cc. sample was removed for analysis after each 
exhaustion (Table II). 
TABLE II, 


Number of Exhaustions Needed for Procedure A. Total Residual CO, 
Determined by Van Slyke’s Method. Corrected to 0°, 760 Mm. 





CO: remaining after 


| 





Human L $ 2 S : - $ 5 ¥ 
plasma B si I Ss 4 Ss re = | 3 
Kis ¥ 23 z ee r Fr 
eye ia i &]a° ll & | 3 
ce ce. ce. i] ec | oo. | cc. | 
| | | | 
G , 9 79 || 0.60) 76.2); 0.54) 68 || 0.49) 62 || 0.48) 60 || 0.45) 57 
| | | j 
ib eve 0.72 || 0.53) 73 || 0.43) 60 || 0.40) 56 || 0.38) 53 i 0.38) 51 
An.......|0.75 || 0.55, 73 || 0.45) 60 | 0.41) 54 | 0.38) 51 
eee 10.775)| 0.57) 74 | 0 52) 67 || 0.46} 59 || O 43| 55 || 0.40) 51 








It is evident from Table II that exhaustion was not complete. 
This was expected. However, the variations after two exhaus- 
tions were so small in their effect on pH, as demonstrated in Table 
I, that accurately reproducible results are obtainable when two 
exhaustions, carried out as described, are used as the arbitrary 
standard. 

That the arbitrarily selected double exhaustion approximates 
to a constant carbon dioxide content is also evident from the curves 
constructed from these values in Fig. 2. 

The carbon dioxide as a source of error has been entirely elim- 
inated in procedure B by the use of larger amounts of acid and 
exhaustion after its addition. The following experiment shows 
this (Table III). 

Two volumes of N/50 acid were added to one volume of plasma 
in a separatory funnel. The funnel was exhausted to about 20 
mm. for 1 minute, with constant rotation. 1 ec. was taken for 
analysis and the exhaustion repeated. 

The amounts of residual gas in column 3 are entirely com- 
parable with the ‘‘dissolved air’ correction in this method; 
therefore no measurable amounts of carbon dioxide were present. 
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Fic. 2. From Table II. 


TABLE Iii. 


Number of Exhaustions in Water Aspirator Needed after Adding Two V ol- 
umes of N/50 HCl. Dissolved Gases Determined by Van Slyke’s 
Method. 30° and 762 Mm. 





Exhausted | Dissolved air 
Sample plasma 3’ with shaking.| calculated as | COs: present. 
| Gas observed. | present 
‘ cc ce 

Mixed normal | 0.04 0.044 | 0.000 
Same saturated with 6.3 per cent | 

CO, i 0.04 0.044 0.000 
A | 0.045 | 0.044 | 0.000 
i ae 0.04 0.044 | 0.000 


ee 0.05 0.044 | 0.000 





Comparison of Two Procedures for Removing Carbon Dioxide. 


Hydrogen ion concentrations were determined on two plasmas. 
Each was then divided in two portions, one of which was placed 
in a separatory funnel and was exhausted 3 minutes as in 
procedure A. 1 ce. samples were then mixed with various vol- 
umes of N/50 acid and the resulting reaction was determined. 

To samples of the other portions in separatory funnels varying 
volumes of N/50 acid were added and the mixtures exhausted 

















for 1 minute. 
in Figs. 3 and 4; it 
‘ little. 
* 
TABLE IV. 
; Comparison of Procedures A and B. 
, \ 
Plasma , x/ 90 Is F exhausted twice bef 
ee a adding acid 
; pH = 8.63 0.5 7.73 
i 7.74 
1.0 6.74 
6.74 
2.0 5.43 
5.42 
3.0 4.54 
4.53 
M. 
pH = 8.61. 0.5 7.76 
1.0 6b. SS 
2.0 5.47 
7 
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4 NN Neytrabity 
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The ‘results are given in Table IV and _ plotted 
is evident that the two series differ but 
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Experiment to Determine the Effect of Oxalate on the Titration of 
Plasma. 


Solutions of M/10 phosphates and of normal plasma were made 
up with varying concentrations of potassium oxalate. H* econ- 
centration determinations were made as indicated in Table V. 
It is evident that in plasma oxalate up to 0.5 per cent does not 
produce an appreciable change and that the change produced by 
| per cent is within the allowable limits of experimental error. 
About 0.2 to 0.3 per cent is ordinarily sufficient to prevent 


clotting. 
TABLE V 
Effect of Oxalate. 
‘ yn pH of normal plasma 
On pH of m/10 phosphate | On pH of m/10 phosphate . eh. pe . vs: : 
solution | solution + 1 vol. x/50 HCI + my Fim pee eked 
concentration. * concentration sil aes a 
concentration 
K oxalate pH K oxalate pH K oxalate pH 
per cent | per cent per cent 
| 
0 7.50 0 6.74 0 5.38 
0.2 7.47 | #025 | 6.74 05 | 5.38 
0.6 7.47 0.5 6.74 1.0 0.39 
1.0 7.44 | 1.0 6.72 2.0 5.45 
1.6 7.45 | +0 5.53 
2.0 7.94 
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Effect of Renewing Solutions in Electrodes. 


Hasselbalch pointed out the possibility of renewing succes- 
sively the solutions in the electrode without renewing the He as 
a means of bringing the CO. content of the electrode gas to equi- 
librium with that of the solution. The following experiment 
(Table V1) shows that this precaution is unnecessary with the 
small amount of residual CO, present under procedure A. 


TABLE VI. 
Effect of Renewing Solution without Change of Hz Atmosphere. New Solu- 
tions Were Run into the Electrode Vessel Displacing the Used 
Solution without Changing the Hy Bubble. 


Plasma LD 8 U H M M. 2 \ 
pH of Ist determination. 8.13 | 7.11 | 6.48 | 7.03 | 6.55 | 6.89 | 6.99 


pH of renewed solution. 8.14 | 7.11 | 6.48 | 7.03 | 6.58 | 6.91 | 6.99 


Accuracy of the Method. 


Clark has pointed out the possibility of accuracy attainable 
with his electrode. With plasma we have considered 1 millivolt 
= (0.02 pH our permissible error. This amount is very small in 
comparison with the gross differences we have obtained in the 
clinical studies. 

Table VII gives samples of the results obtained in duplicate 
determinations. 


Titration of Plasma Containing Lactic and B-Oxybutyric Acids. 


Since a diminished alkaline reserve is the result of the introduc- 
tion of abnormal acid products of metabolism, it seemed desir- 
able to investigate the effects of adding such acids to a normal 
plasma in vitro. The results of such experiments are shown in 
Tables VIII and IX, and Figs. 5 and 6. These experiments were 
performed as follows: 

Experiment I. Curves A and B.—A weighed amount of acid 
was added to a portion of plasma to make the plasma 0.2 per 
cent acid solution. This solution was then mixed with untreated 
plasma in varying proportions and the resulting mixtures were 
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TABLE VII. 
Duplicate Determinations Made with Different Electrodes in Different Vessels, 











Procedure A. Procedure B 
ae. in fh. ae vi 
Plasma ae a : a5 = 
thuman). Date. ss Plasma. Date gs S : 
; seuaumee: oauiu 4" sie mene ies PS 
3 milli- milli- 
i volis | volts 
; ‘ \ May 15 /23 [723 (6.57 Dog VIII. 25 (6380 (4.96 
23 1722 (6.55 23 + 1627.7/4.96 
W. | “ 25 124 |742 (6.87 “ June 14:25 (627 (4.91 
Normal. | 23.5'740 |6.85 23 626.6'4.93 
¥ | - & |23 (744 6.93V.* (human). “ 13/25 (650.4/5.30 
Normal. | 123 |744 16.93 26 1652.5)5.33 
i 26 (651.6)5.31 
H | | 
M. “« 23 |24 {749 16.99 26 (651.615.31 
Normal. | 749.517 .00 (26. 5/652.3/5.32 
| 
| 652 .2/5.32 
H. iMarch 21/20 (723 (6.64 
121 |723 |6.62.Dog 2a. ** 10/25 (620 /4.98 
26 622.6/4.91 
} | | * 3b. “ 10/25 |631.5/4.98 
26 |632 |4.97 
' 
- “ 11/22 (630 {5.00 


630.1,5.00 


* These six determinations were run with six distinct pipettes, funnels, 


and electrodes, and in two electrode vessels. 


titrated by both A and B methods. The acids were analyzed by 
adding excess N/7 NaOH, warming on a steam bath for a couple 
of hours, and titrating back with n/7 HCl using phenolphthalein. 


per cent 
8-Hydroxybutyric acid analyzed... ne ae eee 100 
Lactic acid analyzed... iicio waits _T 95 5 wibtehatem chet 95.2 


Experiment II, Curve C.—The acids used in the preceding 
experiment had not been treated to remove any anhydride that 
might have been present; the experiment was therefore repeated. 
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Effect of Organic Acids on the Titration Curve. 
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Normality of organic &cid on 1 vol teenie + 1 vol. 1 vol. plasma + 2 vol 
basis of plasma volume only. | n/50 acid n/50 acid 
| Curve A. Curve B 
3 8-Hydroxybutyrie acid (Fig. 5). 

pH pH 
: 0 6 ~~ ° a 
4 6.72 ».o0 
' 0.0094 6.55 5.16 
: 6.55 5.16 
0.024 5.84 1.85 
5.84 £85 

0.047 5.08 1.58 

5.07 1.57 

0.094 1.59 4.29 

1.58 +. 28 

0.189 £.15 1.00 

4.00 

Lactic acid (Fig. 6). 

0.011 6.26 t.94 

6,24 4.94 
0.028 5.355 1.565 
5.345 1.575 

0.056 4.58 4.18 

| 1.18 

0.11 $03 3.83 

t 4.02 3.83 

0.22 3.64 3.48 

3.65 3.48 


0.225 gm. of lactic acid was placed in a flask with 30 ee. of N/10 


sodium hydroxide, placed on the steam bath for 2 hours, 50 ce. 
of n/10 HCl were added, and the solution was diluted to 100 ce. 
The solution was then n 0.025 to lactie acid and n 0.02 to hydro- 


chloric acid. 


Fe 2 gm. of CaZn 6-oxybutyric acid salt were treated with three- 


fourths of its equivalent sulfuric acid and the liberated acid was 


extracted with ether in a wet extractor. 


The ether was evapo- 


rated off over water and the solution diluted to 100 ee. The 


amount of acid was titrated with sodium hydroxide as in lactic 


THE JOURNAL OF BIOLOGICAL CHEMISTRY, 








vol XXX, NO. < 

















384 Electrometric Titration of Plasma 


acid. 0.130 gm. of this acid was then treated with 15 ce. of n/10 
sodium hydroxide heated on the steam bath for 2 hours, 25 ce. 
of n/10 HCl were added, and the solution was diluted to 50 ce. 
This solution was then N 0.025 to 8-oxybutyric acid and n 0.02 to 
hydrochloric acid. 
TABLE IX. 
Effect of Organic Acid on the Titration Curve. 








Normality of 






























































Solution A. : 3 Lacti id. -~Hydroxybutyri 
vol plasms'+ | Solution Be oreanic acid on | TAIN bekl. Bley men’ 
2 vol. x/50 HCI. ma ena gre Fig. 6. Fig. 5. 

a ee — 
_ 0 0 4.55 4.55 
4.0 0.5 0.0055 4.41 4.45 
4.0 1.0 0.01 4.32 4.39 
4.0 2.0 0.0166 | 4.20 4.31 
3.0 3.0 0.025 4.09 4.24 
1.0 3.0 0.037 3.96 4.15 
0 _ 0.05 3.85 4.07 
* Solution: 8-oxybutyric acid or lactic acid, N 0.025; hydrochloric acid, 
N 0.02. 
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The normality figures in A and B do not represent actual 
amounts of free acid due to the presence of undissociated anhy- 
dride, but they do indieate the change in the titration curve 
caused by the accumulation of such acid. Curve C indicates 
the nature of the decreased reserve in a dog plasma with very 
low reserve. The normality figures here represent actual values. 
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Range of Normal Values. 


Table X shows the variations in normal plasma in different 
individuals at different times. The values in a healthy man may 
change on titration with one volume of N 50 acid from a pH of 6.75 
to 7.00 during the course of the day. The corresponding figures 
for titration with two volumes of N50 acid are from a pH of 5.60 
to 5.90. Dogs have a lower reserve averaging around a pH of 5.00. 

The normal base line for titration with one volume of N/50 
acid in the accompanying charts is taken at 7.00; with two vol- 
umes at 5.6. The normal limits for the “carbon dioxide combin- 
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ing capacity” is from 55 to 70. The normal alveolar carbon 
dioxide tension in mm. is about 38. From a number of compari- 
sons the ratio between plasma carbon dioxide volume per cent 
and alveolar carbon dioxide tension in mm. has been established 
as 1.45 (see Paper VI). 






























TABLE X, : 
Table of Normal Variations. : 
Procedure A Procedure B 2 
1 vol. plasma + 1 vol. N/50 acid 1 vol. plasma + 2 vol. N/50 acid 7 
Plasma rime.* pH Plasma Time pH. 
See = canto — nein ; 
M. a.m. 6.8C Dog 1. a.m. 4.8] 
p.m. 6.80 p.m. 5.02 3 
F 
V. May 15, a. m. 7.04 ae a.m. 5.18 
p.m. 6.89 p.m. 5.24 
~ Fé, @.m. | 6.96 
p.m. | 6.94 ia a.m. 4.91 ; 
p.m. 5.23 i 
p.- | a.m. 7.10 ; 
p.m. 7.60 M. | May 18 5.56 
- 3 5.63 
Fr. a.m. 6.73 
p.m. | 6.84 F. 5.69 
S. a.m. | 6.65 | r’. 5.50 
2 p. m. 6.74 
4 - 6.71 
6 6.82 
C. May 19, a. m. 6.58 
p.m. 6.83 
” 6.83 ; 
“ 22, p.m. 6.85 ; 





* Indicates before and after meals. 


Application of the Method. 






The charts of diabetic patients followed for a long period by the 
electrometric titration of plasma, simultaneously with the deter- 







mination of CO. combining capacity of blood and plasma, alveo- 






lar air, and acid excretion, are given in Paper VI of this series. 
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The values of simultaneous determination of the “carbon dioxide 
combining capacity” and alveolar carbon dioxide are also shown, 
since if was one purpose of this series of observations to select 
the most suitable method for determining the actual amount of 
‘alkaline reserve” in the body. 

The samples of blood were obtained from the arm, were drawn 
through a McRae needle into tubes containing a small amount 
of potassium oxalate, and centrifuged at once. The determina- 
tions were, with a few exceptions, done at once, but samples 
may be kept for a considerable time in paraffined tubes. 

The observations were divided into two periods; the first cover- 
ing the spring of 1915, the second that of 1916. The electrometric 
titrations on the first series were done by procedure A — 1 volume 
of plasma + 1 volume of n/50 HCl; on the second series by 
procedure B—1 volume of plasma + 2 volumes of n/50 HCl. 
This eliminated the theoretical objection of possible error due to 
the presence of carbon dioxide, but proved to have the disadvan- 
tage of lessening the sensitivity of the titration, in that for given 
decrease in carbon dioxide combining power the corresponding 
change in pH was less than with one volume of acid. 


CONCLUSIONS. 


The conclusions are evident from the charts. The two methods 
of determining the ‘‘alkaline reserve” are entirely comparable 
and furnish a reliable index of the reserve actually existing in 
the body. The titration of the plasma includes the influence of all 
the “buffers,” not only the sodium bicarbonate, but also the pro- 
teins and the minute amounts of phosphates. The fact that the 
electrometric titration of the plasma gives results parallel with 
the carbon dioxide combining capacity indicates that the latter 
is proportional to the total ‘‘ buffer’? content of the plasma. 


SUMMARY. 


1. The gas chain method of determining hydrogen ion concen- 
tration has been utilized in the titration of plasma and the con- 
ditions for successful operation have been determined. 

2. Values for normal and pathological plasmas have been 


determined. 
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3. The method has been compared with that of the carbon 
dioxide combining capacity in a long series of diabetic patients, 
and the close agreement of the two methods has been established. 
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STUDIES OF ACIDOSIS. 


IV. THE RELATIONSHIP BETWEEN ALKALINE RESERVE AND 
ACID EXCRETION. 


By REGINALD FITZ ann DONALD D. VAN SLYKE. 
(From the Hospital of The Rockefeller Institute for Medical Research.) 


(Received for publication, April 26, 1917.) 


The object of the work presented in this paper was to ascertain 
whether in diabetes a quantitative relationship could be dis- 
covered between the alkaline reserve of the blood plasma, as 
measured by its combining power for CQe, and the rate of acid 
excretion by the kidneys. It has been known since the time of 
Walter! that entrance of acid into the circulation immediately 
reduces the blood bicarbonate, and is accompanied by an increased 
rate of acid and ammonia excretion in the urine. A quantita- 
tive relationship between decreased blood bicarbonate and acid 
excretion has not been demonstrated. 

To undertake this problem the plasma bicarbonate was esti- 
mated in volumes per cent by the method described in Paper I 
of this series and compared with the excretion of acid in the urine 
in the following way. The ammonia of the urine was added to 
the acid titratable with phenolphthalein by Folin’s method? as 
a measure of the excretion of acids in excess of mineral bases, 
the whole being expressed as 0.1 N acid. The greater part of 
such excess acid is usually neutralized by ammonia in man, but 
as shown by Henderson and Palmer‘ an acid as weak as 8-hydrox- 
ybutyric can be excreted 45 per cent free, while more than 80 per 
cent of the phosphate can be excreted as the acid NaH»2PO,. 
Consequently in order to determine the total excretion of acid 
in excess of mineral bases the free titratable acid must be added 
to that neutralized by ammonia. 


1 Walter, F., Arch. exp. Path. u. Pharm., 1877, vii, 148. 

2 Folin, O., Am. J. Physiol., 1903, ix, 265. 

3 Henderson, L. J., and Palmer, W. W., J. Biol. Chem., 1913, xiv, 81. 
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The Folin method for titration of free acid was chosen because 
the acid titratable with phenolphthalein approaches zero in 
human urine when the height of the plasma bicarbonate is at its 
maximum normal of about 80 volume per cent, under which 
conditions ammonia excretion also approaches zero. 

Comparison of the amounts of ammonia plus acid excreted per 
24 hours in a number of diabetics followed over considerable 
periods in the Rockefeller Hospital indicated a general relation- 
ship between daily excretion and the plasma bicarbonate content. 
It was impossible, however, to form any estimate of the plasma 
bicarbonate from the rate of excretion alone, and the ordinary 

NH; 
total N 
ratio may be greatly increased beyond the usual value by merely 
reducing the protein intake and consequently the denominator of 
the ratio; and quite aside from variations that could be explained 
by this cause, the ammonia ratio bore only the most casual quanti- 
tative relationship to the plasma bicarbonate. 

In the meantime, however, one of us (F°.) working on diabetic 
metabolism at the Peter Bent Brigham Hospital had used the 
Ambard formula to compare the acid excretion with the blood 
alkali as indicated by the alveolar CO, tension. Ambard and 
Weillt found that in the cases of urea and chloride, excretion rate 
is proportional to the square of the concentration of the excretory 
substances in the blood above the excretion threshold, to the 
square root of the volume of water eliminated, and to the first 
powcr of the weight of the subject. (For a complete discus- 
sion see MeLean.) The above facts are reduced to algebraic 


ratio was even less satisfactory. As Folin showed, this 


form by the equation: 


iD 
(1) Blood concentration = constant X \ i + 


D is the excretion rate, W the body weight, and C the con- 
ecntration of excretory product in the urine. The expression 


} 
Pt 3 ; ‘ , 
\ a VC is proportional to the blood concentration of the excre- 


tory product above the excretion threshold. 


4Ambard, L., Physiologie normale et pathologique des reins, Paris, 
1914. 
6 McLean, F. C., J. Exp. Med., 1915, xxii, 212. 
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If acid excretion should follow the same law, a similar expression 
might be expected to indicate the degree of acid retention in the 
blood. In order to test this possibility, the rate of excretion of 
0.1 nN acid + NHsg, (24 hour time unit) was taken as D and the 
ec. of 0.1 N acid + NHsg per liter of urine as C. Assuming that 
acid accumulation in the plasma is proportional to the fall of the 
plasma COs: figure below the maximum figure of 80, we may ex- 
press the relation between the blood accumulation and acid 
excretion as follows: 


, ; ’ , 
(2) Retained acid = 80 — plasma CO, = constant \ a MC 


The constant of the equation in repeated observations proved 
to be 1, so that the relationship between plasma COs capacity and 
acid excretion may be expressed more simply as: 

(3) Plasma CO, capacity = 80 — 2 VC 
Nu ’ 

This formula is purely empirical, and it was not adopted 
until tests upon some scores of urines had shown that it held 
more consistently than any other expression which could be found 
in the literature or devised. As stated before, the rate of excre- 
tion alone, as well as the ammonia : total nitrogen ratio failed 
to show consistent relationship to the blood bicarbonate. No 
other equation including excretion rate and concentration was 
so satisfactory as Ambard’s. If the square root of the whole 
were not taken the urine index varied much more than the blood. 


‘ IDC , ; 
If the expression \ qv were used, the influence of goncentration 


= ° ° 4 ° ID 4 grey ° 
((’) was given too much weight, while Viv gave too little 


influence to C. In short, although reasoning by analogy led to 
the trial of the Ambard equation, it has been retained solely 
because it expresses the relationship between blood alkali and 
acid excretion more accurately than any other expression at 
present available. The fact that with a given blood bicarbonate 


, 'D ats ; 
aver Viv \' is constant shows that, other factors 


being the same, the amount of acid excreted in excess of mineral 
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bases is increased, on the average, as the square root of the volume 
of urine; 7.e., increasing the water output four times doubles the 
rate of acid elimination. 

As in Ambard’s tests, the value of D and C may be determined 
upon a 24 hour specimen of urine or upon a shorter period from 
which the 24 hour rate of excretion can be computed. In the 
cases reported in this paper short periods were chosen, varying in 
length from 1 to 4 hours. The advantage of short periods in 
tests of this description has been pointed out by McLean. By 
collecting the urine over a given period and withdrawing blood 
at the middle of it, the blood sample may be*assumed to repre- 
sept the average for the period. If no food or water is taken 
during the period, and the latter is not too soon after a heavy 
meal, the rate of excretion during the period will remain practically 
constant. 

Experiments were conducted upon normal individuals to deter- 
mine the degree of constancy of the relationship expressed in 
Equation 3 above. Different normal individuals were tested at 
different times, and a few were given sodium bicarbonate to 
discover at what level of blood bicarbonate content, if any, the 
excretion of acid in the urine ceased. The results of these 
observations are tabulated in Table I. 

A certain margin of error must be accepted in calculating the 
internal concentration of any substance from the excretion, and 
the margin in this instance appears to be about 10 volumes per 
cent of plasma CO.. In the normal cases the maximum varia- 
tions encountered were 8.7 volumes per cent too high, and 6.7 
volumes per cent too low. 

Thirty-six cases of diabetes were tested in the manner described, 
selected as they reported to the hospital. Nothing was known 
about their previous treatment or condition except that a few 
stated that they had been taking sodium bicarbonate before the 
test was made. The results are tabulated in Table II. 

Of the 36 cases, 26 showed values of the index from which the 
plasma CO. could be estimated with an error not greater than 
10 volumes per cent. Of the remaining 10, 4 showed normal 
plasma COs, the CO, calculated from the urine being merely a 
higher normal. Six cases of acidosis remain in which an error 
greater than 10 volumes per cent was made in estimating the 
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plasma bicarbonate from the acid excretion. In four of them 
bicarbonate had been administered, and the plasma bicarbonate 
was found much higher than indicated by the urine index. This 
is usually the case after bicarbonate administration, the urine 
failing to show the full effect of the alkali on the blood. Of the 
remaining two cases, one was in coma, and the excretory mechan- 
ism was presumably affected. The other case was one of mild 
acidosis (47.0 per cent plasma CO.) which gave an index indi- 
cating 36.4 per cent, a decidedly more severe condition. Sum- 
marized, the results indicate that in diabetic patients short of 
coma and not receiving bicarbonate the state of the plasma 
bicarbonate CO, can usually be estimated within 10 volumes per 
cent from the index of acid excretion. 

In order to study variations in the same individual, twenty-nine 
observations were made in the course of a few months upon a 
patient who entered the hospital with severe acidosis. The 
result of these repeated tests is shown in Table ITI. 

Of these twenty-nine observations, in five the calculated 
plasma bicarbonate differed by more than 10 volumes per cent 
from that found. Three of these discrepancies seemed to depend 
on the fact that sodium bicarbonate had been given. These 
observations, like those in Table II, show that sodium bicarbonate 
disturbs the relationship between blood and urine, the latter 
failing to show the extent to which the alkali raises the plasma 
CO» capacity. 

Use of Curves to Calculate the Index. 

In order to simplify the calculation of the index we have pre- 
pared a set of curves which enable one by mere inspection to 
estimate the index with sufficient accuracy, the only data required 
being (1) the ce. of urine excreted per 24 hours per kilo body weight, 
and (2) the cc. of 0.1. N NH; + titratable acid per liter of urine. 


Since D, the rate of exeretion per 24 hours, is equal to the product 





VC (V = volume of urine per 24 hours in liters) the expression Vw! c 
VO sa / 
may be written -|/C = ; C*, Consequently one can plot on 
Vu W 
coordinate paper the values of the index corresponding to different values of 
V 
Ww 


and C. 
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The accompanying figure indicates the manner in which it ap- 
peared simplest to do this. 


To use an example: If in a given case the body weight is 50 kg., the 
volume of urine per 24 hours 2,000 cc., and the NH; + titratable acid 
. D 2,000 
1,200 cc. per liter, we have the two values iv = i = 
J 
24 hours per kg., and C = 1,200. We run down the curve corresponding 


" sees loko iy 


10 cc. of urine per 


to C = 1,200 until it is crossed by the vertical line corresponding to 
« V 

3 W 
1,250, we should estimate one-half of the distance between the 1,200 and 
1,300 curves of C, and read 42 as the value of the index. 


40, and read off 41 as the value of the index. If the value of C were 
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Fig. 1. 


SUMMARY. 


In normal men and diabetics the excretion of acid in excess of fixed 


j bases as measured by determining ammonia plus titratable acid 
i bears a quantitative relationship to the alkaline reserve of the body 


as measured by the CO. binding power of the blood plasma. 
Such relationship is demonstrated by the use of an empirical 


Satins 





expression of the form devised by Ambard to denote the relation- 
ship between blood concentration and excretion in the cases of 


on :, . ) i , 
salt and urea. The formula used is \ ~ V C, D representing 
the rate of excretion of 0.1 N ammonia + titratable acid per 24 
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hour time unit, C the 0.1 n NH; + acid per liter of urine, and 
W the body weight. The value 80 — ¥? VC determined in 


the urine indicates with an error which is usually less than 10 
volumes per cent, the level of the plasma CO, capacity. Dia- 
beties receiving bicarbonate administrations are exceptions, the 
blood bicarbonate in such cases being, as a rule, much higher 
than indicated by the urine. One case in coma showed a much 
lower blood bicarbonate than was indicated by the urine. 

The index can be determined from analysis of the urine passed 
in 24 hours or from the amount excreted in 1 or 2 hours, multi- 
plied to bring the data to a 24 hour basis. The calculation is 
simplified by the use of curves, which make it possible to esti- 
mate the index from inspection, the two necessary figures being 
the ec. of urine passed per kilo body weight per 24 hours, and the 
amount of ammonia plus titratable acid per liter of the urine. 
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Vv. ALVEOLAR CARBON DIOXIDE AND PLASMA BICARBONATE IN 
NORMAL MEN DURING DIGESTIVE REST AND ACTIVITY. 






By DONALD D. VAN SLYKE, EDGAR STILLMAN, anp 
GLENN E. CULLEN. 
(From the Hospital of The Rockefeller Institute for Medical Research. 







(Received for publication, April 26, 1917.) 





Higgins' and Erdt? have both found that digestive activity 
causes a rise in alveolar carbon dioxide tension. Their explana- 






tions of this phenomenon are different. Erdt believed that the 





change was due to an increase in the reserve alkali of the blood, 
caused by secretion of hydrochloric acid in the gastric juice. 























Higgins, however, had in mind the readiness with which slight 
changes in conditions can affect the alveolar carbon dioxide, 
without any conceivable effect on blood alkali. For example, 
he found that changing the posture from standing to lying in- 
creased the alveolar carbon dioxide tension by 6 mm., appar- 
ently by rendering the respiratory center less irritable. He 
believed that the effect of a meal was due to a similar influence 
on respiration, rather than on the alkaline reserve. 


ney 
prem Ste 


It seemed that clarifying evidence might be gained by deter- 
mining both alveolar carbon dioxide tension and the plasma bi- 
carbonate (under definite carbon dioxide tension as described in 
Paper I), before and after eating. If the respiratory center 
remains normal the plasma bicarbonate must rise with the 
plasma COs 
——_—_.—— remain con- 
alveolar CO. 
stant. If, however, the irritability of the center falls, the ratio 
should fall after meals, the alveolar carbon dioxide increasing, 


alveolar carbon dioxide, and the ratio 





1 Higgins, H. L., Am. J. Physiol., 1914, xxiv, 114. 
2 Erdt, H., Deutsch. Arch. klin. Med., 1915, xlvii, 497. 
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the plasma carbon dioxide either remaining constant, or increasing 
less in proportion than the alveolar. 

Partly to throw light on this question, and partly to obtain 
statistics on the normal range of plasma bicarbonate values, we 
have performed these determinations on a number of obliging 
colleagues. In some cases breakfast, a mixed diet meal taken at 
about 8 o’clock, was the object of the experiment; in other cases 
lunch, taken from 4 to 5 hours later. The determinations were 
made within a half hour before the meal in each case, and be- 
tween 30 and 60 minutes after it. The blood samples were drawn 
immediately after the alveolar air samples were taken. The al- 
veolar carbon dioxide samples were taken standing, the Fridericia® 
apparatus being used. 

The results are tabulated below. 

TABLE I. 


Observations before and after Breakfast. 











Subject | hatin and after | Re tate oa Alveolar COs. | paeme J 
meal) | 100 ce. of plasma. | | Alveolar COs 
ec. | mm. | 
r. Before. 68.7 | 38.7 | 1.78 
After. 73.5 40.9 | 1.80 
S. Before. | 66.9 | 41.7 1.60 
After. | 63.5 43.9 | 1.45 
| | 
| | | | 
M. | Before. 65.4 | 39.5 | 1.66 
After. | 654 | 43.1 | 1.52 
F, Before. 68.2 | 42.8 1.59 
After. | 69.1 43. 1.60 





3 Fridericia, L. S., Berl. klin. Woch., 1914, li, 1268. 
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& TABLE II 
; Observations before and after Midday Meal. 
a -_ CO2 bounc s | 1. a & 
@ Subject. Time _— and after A med en ‘oe Alveolar CO: I wa ( Or 
neal). /100ce. of plasma | Alveolar CO: 
McL. I Before. | 53.4 10.6 1.31 
After. 6.1 19.3 . 2s 
a. a Before. | 56.5 1.6 | 1.36 
| After. 61.0 417.3 1.29 
“ OI Before. 59.1 | 40.3 1.47 
After. 61.1 41.7 1.47 
| | 
3 P. Before. | 65.1 37.8 | 1.72 
After. 67.2 | 40.2 1.68 
4 | 
‘ V.I Before. 75.0 46.3 1.62 
: After. 70.8 | 47.2 | 1.50 
j 
13 | 
} “i Before. | 72.8 | 44.0 1.66 
After. | 69.8 | 43.9 1.59 
D. Before. 63.9 45.7 1.40 
After. 68.1 49.8 1.37 
| 
Ss. lhr. Before. 68.4 | 44.0 1.55 
0.5 “ After. 63.0 46.1 1.37 
a ” 66.2 48.6 1.36 
3.5 “ ° | 68.6 | 47.3 1.45 
C, lhr. Before. 68.2 | 46.2 1.48 
| 0.5“ After. | Wes Oe 1.47 
: | 2.5 “ “ | 70.7 | 45.1 1.57 
i DISCUSSION OF RESULTS. 
Normal Range of Plasma Carbon Dioxide Capacity.—This series, 














‘Gettler, A. 


O., and Baker, W., J. Biol. Chem., 1916, xxv, 
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together with the thirty analyses performed with the same 
method by Gettler and Baker,‘ may be taken as establishing 
the range of plasma carbon dioxide capacity in normal adults. 
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All of our results fall between 53 and 75 ec. of carbon dioxide 
bound as bicarbonate by 100 ec. of plasma, and a!l of Gettler 
and Baker’s are between 56 and 78. Consequently the extreme 
range appears to lie between 53 and 78. Only one plasma out 
of the fifty-nine fa‘led to bind more than 55 per cent of its vol- 
ume of COQ, (MeL. I binding 53.4), so that 55 may be taken as 
the usual minimum. 
Normal Relationship between Plasma Bicarbonate and Alveolar 
Carbon Dioxide.—The ratio __Plasma CO: 
mm. alveolar CO. 
1.80. It shows some tendency toward characteristic levels in 
given individuals, MeL. always showing a low ratio, P. a high one. 
The average is approximately 1.5. In order to obtain com- 
parison of the alveolar and plasma data, therefore, the alveolar 
figure may be multiplied by 1.5. Or the plasma figure may be 


varices from 1.27 to 


— | : . . 
multiplied by a* 0.66 to make it comparable with the alveolar. 


In making such comparisons, the above variations in the normal 
ratio must not be forgotten. 

Effects of Digestion.—The observation of Higgins and of Erdt 
is confirmed, that the alveolar carbon dioxide tension rises after 
a meal. In the one individual in whom a fall was noted (V.), 
the alveolar carbon dioxide was extremely high in the morning 
before lunch, probably because of an alkaline vegetarian break- 
fast. 

The plasma bicarbonate in some cases increases slightly, in 
others does not. 

The ratio plomms OO, in four experiments out of thirteén is 

alveolar CO. 
changed by less than 0.02, which is within the limit of error. In 
the other nine experiments the ratio is definitely increased. 
The results therefore favor Higgins’ rather than Erdt’s explanation 
as to the chief factor causing increase in alveolar carbon dioxide 
during digestion, but the nature of the results is such that data 
on a statistical scale are necessary for a definite decision. 
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STUDIES OF ACIDOSIS. 


VI. THE BLOOD, URINE, AND ALVEOLAR AIR IN DIABETIC 
ACIDOSIS. 


By EDGAR STILLMAN, DONALD D. VAN SLYKE, GLENN 
EK. CULLEN, ann REGINALD FITZ 


From the Hospital of The Rockefeller Institute for Medical Research. 
(Received for publication, April 26, 1917.) 


The work in the present paper constitutes a study of the quan- 
titative measures of acidosis in the blood, urine, and alveolar 
air of diabetic patients. It has had for its object the accumula- 
tion of data sufficient to show: (1) The relationship of plasma 
bearbonate deficiency in man to the clinical severity of acid- 
osis; and (2) the relaticnship of the blocd bicarbonate deter- 
mined direetly in the plasma to that estimated indirectly from 
the exereticns of the lungs and kidneys. 

The alveolar carbon dioxide tension, under ideal normal con- 
ditions, indicates the level of the arterial blood bicarbonate. It 
has been shown by several authors,! however, that the alveolar 
carbon dioxide tension is readily altered by numerous factors, 
psychic, pathological, and physiological, besides the blood bicar- 
bonate, and consequently is a reliable measure of the latter only 
when it is certain that both the mechanical and nervous factors 
controlling respiration are normal. The alveolar carbon dioxide 
tension has found its chief clinical application probably in the 
detection of diabetic acidosis; but so far as we can ascertain no 
attempt has yet been made to determine whether the quantita- 
tive relationship between blood bicarbonate and alveolar car- 
bon dioxide in diabttés is normal or otherwise. 

In Paper V we have determined the normal ratio between 
plasma bicarbonate and alveolar carbon dioxide. In the present 
paper we have determined the same ratio in twenty-one diabetic 


' For discussion of the relationship between alveolar carbon dioxide 
tension and the arterial blood bicarbonate, see Paper I. 
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patients and one nephritic patient, examined frequently over 
periods usually of several weeks. We found that in a third of 
these patients the alveolar carbon dioxide either indicated a 
bicarbonate deficit when none existed, or indicated a much greater 
deficit than actually existed. The reverse, i.e., alveolar air too 
high, was encountered only in the nephritic. The most ready 
explanation is that the diabetic patients, most of whom were on 
a low diet, had abnormally irritable respiratory centers. 

In Paper IV it has been shown that in most diabetics a quan- 
titative relationship can be demonstrated between the blood 
plasma bicarbonate and the excretion of ammonia plus titratable 
acid in the urine. The excretion is expressed by the index 

'D 
WAC 
ammonia plus acid per 24 hours time unit, W the body weight, 
and C the N/10 ammonia plus acid per liter). The plasma bicar- 
bonate carbon dioxide falls in proportion as the index rises, the 
relationship being expressed by the equation: 


(where D represents the rate of excretion of N/10 


iD 
Volume per cent plasma CO, = 80 — \ we VC 


Excepting cases treated with bicarbonate, the plasma carbon 
dioxide in acidosis could, as a rule, be estimated from the urine 
to within+ 10 volume per cent. It was desirable to obtain 
further data concerning the regularity of this relationship be- 
tween blood and urine in diabetes by systematic observations 
over considerable periods of time on patients in varying stages 
of acidosis. On sixteen of the twenty-two patients studied we 
have consequently followed the acid index, together with the 
other determinations, throughout the periods of observation. 
Reference to the charts shows that on the whole the urine index 
of acid excretion, considering its purely empirical nature, agrees 
surprisingly well with the plasma bicarbonate. 

As additional controls on the blood itself, the acid-neutralizing 
power of the plasma was estimated by the electrometric titra- 
tion (Paper III) and the carbon dioxide capacity of the whole 
blood as well as of the plasma was determined. The electro- 
metric titration was performed as a measure of the fotal buffer 
content of the plasma. The object in determining the carbon 
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dioxide capacity of the whole blood was to ascertain whether 
the technique employed in plasma analyses occasioned any 
errors, caused by loss of carbon dioxide from the blood and con- 
sequent effect on the acid-base transfer between plasma and 
corpuscles (Paper 1). 


Methods. 


Blood samples were drawn from the arm vein into a 
McRae tube as described in Paper I. A portion of each sample 
was used at once for determination of the carbon dioxide bind- 
ing power of the whole blood, and while this determination was 
being performed the remainder of the blood was centrifuged, 
the plasma so obtained being used for determining the carbon 
dioxide binding power and for the electrometric titration. 

The alveolar carbon dioxide tension was determined by Frideri- 
cia’s? modification of the Haldane method. Determinations 
were, as a rule, repeated until duplicates were obtained agree- 
ing within 0.1 per cent of carbon dioxide. The method was 
repeatedly checked by determinations on normal individuals. 
The patients were well trained in their part of the technique 
and cooperated satisfactorily. We were surprised at the low 
results given by some patients with normal or but slightly sub- 
normal plasma carbon dioxide capacity, and tested our technique 
as completely as possible in order to find a source of error, but 
were able to discover none. 

The electrometric titration of the plasma was determined as de- 
scribed in Paper III. 

The carbon dioxide bound as bicarbonate by the plasma was de- 
termined as described in Paper I. 

The carbon dioxide bound as bicarbonate by the whole blood at 
normal alveolar temperature and tension was determined as 
follows: Several cc. of freshly drawn blood were placed in a 
300 cc. separatory funnel and warmed to 37°C. (thermometer 
in funnel) in an incubator. The funnel was then filled with 
an artificial air-carbon-dioxide mixture containing 5.5 per cent 
of carbon dioxide, and the blood was saturated with this gas by 
rotating the funnel. The time required to saturate is longer 


S., Berl. klin. Woch., 1914, li, 1268. 





? Fridericia, L. 
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than the 2 minutes which suffice for plasma, and in order to 
insure its completeness the second duplicate was usually done 
after repeating the saturation. The carbon dioxide determina- 
tions were made as described in Paper II. <A correction of 3 
volume per cent was subtracted for carbon dioxide physically 
dissolved by the blood under the conditions of saturation. 

The index of acid excretion in the urine was determined as de- 
scribed in Paper IV. Aliquot parts of the urine passed during 
the whole 24 hour period were used for the determinations of 
ammonia and titratable acid. 

Urea was determined in the urine, as a measure of the nitro- 
gen metabolism and concentration of normal urinary constituents, 
by Marshall’s urease method as modified by Van Slyke and 
Cullen.’ 


Explanation of Charts. 


In the cases where all five determinations were performed, 
the five sets of results obtained are graphically represented by 
two sets of curves, the blood analyses in one set, on the upper 
half of the charts, and the urine and alveolar air in another on 
the lower half. In order to facilitate comparison of the latter 
with plasma carbon dioxide, its curve is reproduced in the lower 
as well as in the upper set. 

In both sets of curves a straight line is drawn across at the 
level indicating the minimum normal carbon dioxide capacity, 
55, of adult human plasma. When the plasma curve drops 
below this line, a condition of acidosis is indicated. The curves 
of the upper set should normally run parallel, but not coincide. 
The capacity of whole blood to combine with 5.5 per cent carbon 
dioxide at 37° is about 15 volume per cent less than that of 
plasma at 20°. Consequently the whole blood curve, where there 
is no acidosis, may be expected to run parallel to the plasma curve, 
but below it by a difference indicating about 15 volume per cent 
‘varbon dioxide. As acidosis develops and both curves sink 
toward zero, this difference, of course, diminishes. With these 
relationships in mind, one may use the whole blood capacity to 
check the plasma capacity for irregular drops such as could be 


3Van Slyke, D. D., and Cullen, G. E., J. Biol. Chem., 1914, xix, 211; 
1916, xxiv, 117. 
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caused by large losses of carbon dioxide from the blood sample, 
and consequent transfer of HCl from corpuscle to plasma, before 
the blood is centrifuged (Paper I). Such a drop undoubtedly oc- 
curred in one plasma determination (Chart 5, Case 2686, March 
3), but apparently in only that one out of the scores that were 


thus controlled. 

The electrometric titration curves are so arranged that the 
normal and extreme acidosis values approximately coincide with 
those of the plasma CO, curves, but the natures of the determina- 
tions are so different that only an approximate parallelism can 
be expected. This is shown quite consistently. 

The curves of the lower sets are so arranged that if alveolar 
carbon dioxide and urine excretion maintain norma! relation- 
ships with the plasma bicarbonate, all three curves should coincide. 
The alveolar carbon dioxide tension expressed in mm. is mul- 
tiplied by 1.45 in order to make it comparable to the plasma 
carbon dioxide capacity expressed in volume per cent. The 
ratio in normal men varies from 1.3 to 1.8 (Paper V), so that a 
fairly wide margin for normal deviations must be allowed. But 
when the alveolar CO. X 1.45 runs over 10 units below the 
plasma curve the deviation must be taken as abnormal. 

The urine index curves also are so plotted that absolute agree- 
ment with the plasma results would be indicated by the exact 
coincidence of the two curves. The degree of deviation in any 
given case is a measure of the error that would be made in esti- 
mating the alkaline reserve of the blood from the acid excretion. 

In tabulating the diets, the caloric values when only green 
vegetables were fed were omitted, because the digestible protein 
and fat are so uncertain as to make the calorie value indefinite 
(approximately 6 to 7 calories for each gm. of carbohydrate 
in green vegetable ingested). When whiskey was given during 
these periods the caloric value of the alcohol is tabulated. 

To the note accompanying each chart is appended the group 
to which the case belongs according to Stillman, who has classi- 
fied diabetics as follows 

Group I is composed of cases which maintain a normal bicar- 
bonate reserve of the blood throughout the course of their 
treatment. 


‘Stillman, E.. Am. J. Med. Sc., 1916, cli, 505. 
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SUMMARY OF 


Condition. 








1 2481 | Diabetic with 
pronounced 
acidosis dur- 
ing part of | 
period. 

2 2646 | ” 

3 2620 | “ 

4 | 2680 | “ 

5 2686 ¢e 

6 | 2414 (1916) | “ 

7 2414 (1915) | ' 

8} 2293 | “ee 

9 | 2358 | a“ 

10 2684 
| Feb., 1916 | 
11/ 2684 ‘| . 
| Jan., 1916 
12 | 2128 (1916) | a 
13 | 2382 | Diabetie with 
| mild but defi- 
nite acidosis. 
14 | 2332 * 
15 | 2343 | i“ 
16 | 2128 (1915) | ‘is 
17| 2480 | Diabetic without 
| acidosis. 
I8| 2934 “ 
19| 2374 ‘| “ 
20 2389 og 


21 2394 
22 | 2366 | Nephritie with 


acidosis. 


CHARTS AND TABLES. 





| Acid excretion index 
of urine compared 
with plasma COs. 


31 | Not determined. 
Poa 





(22 | +* 
20 | + 
119 | + 
[22 + 
125 + 
149 | Not determined. 
/ 4 és ‘ 
35 |“ . 
21 + 

| 

23 a 
Ls 

rE > 





| 


36 | “ “5 

36] “ - 

| | 

33} ‘ ‘ 

19 | - 

14 | + 

139 | Not determined. 
33 | ia) “ 

34 | “ “ 


















| Alveolar COz com- 
| pared with plasma 
Or. 


| * 





| Alveolar low. 


Alveolar ‘ow. 


+++ 


Alveolar low. 


Not determined. 


+ 
| 

+ 

+- 

aa 


| Alveolar low. 
a 
a+ 


ao 





61 | Not determined. 


| 
} 
| 
| 


| Alveolar 15 mm. 


too high. 





° 


*The + sign indicates approximate agreement of uri 


with plasma carbon dioxide. 
**Fatal. 


ne or alveolar air 




















Stillman, Van Slyke, Cullen, and Fitz 411 


In Group II are placed the cases which recover, while fasting, 
from acid intoxication, sometimes so severe as to verge on coma. 

Group III consists of those cases which show a low grade 
acidosis as indicated by a subnormal bicarbonate reserve and 
heightened ammonia excretion. 

Group IV includes those cases which develop acidosis while 
fasting, though previously no evidence of acid intoxication existed. 

Reference to the charts and tables, and summarizing the gen- 
eral results expressed by them, will be facilitated by use of the 
table on page 410. 


CONCLUSIONS. 


The consistent agreement of the carbon dioxide capacity of 
the plasma and whole blood respectively indicate that, with 
the technique used for handling blood samples, no significant 
error is caused by the acid-base transfer between corpuscle and 
plasma in the period between the drawing and centrifuging of 
the blood. 

The electrometric titration of the plasma roughly parallels 
the carbon dioxide combining capacity, the agreement showing 
that the total buffer content of the plasma, determined by the 
electrometric titration, is approximately proportional to the 
bicarbonate content. 

The alveolar carbon dioxide tension in diabetic patients under 
treatment is often much too low to indicate the true level of the 
blood bicarbonate. The alveolar carbon dioxide tension has 
been observed as low as 26 mm. with a normal plasma bicar- 
bonate. Error in the opposite direction, an alveolar carbon 
dioxide which is too high, and therefore fails to show an existing 
acidosis, we have never encountered in diabetes (it is encountered 
in the one case of nephritis shown in the last chart). When 
severe diabetic acidosis causes both alveolar carbon dioxide 
and plasma bicarbonate to fall to a low level, the discrepancy 
noted above dim‘nishes. When the plasma carbon dioxide has 
becn below 40 volume per cent the agreement between the 
alveolar and the plasma figures has usually been close. 

Excepting those days when bicarbonate was administered, 
the consistent agreement of the figure for plasma CQO», caleu- 


lated as 80 — Viv 1/C from Fitz’ index of acid excretion in the 
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urine, with the CO, determined direct!y in the plasma is strik- 
ing. The agreement of urine and blood is on the average more 
accurate than that of the alveolar air and blood, and is observed 
not only in adults but also in children of as little as 25 kilos 
weight. 

In very severe acidosis, however, the urine index is less ac- 
curate than the alveolar air in indicating the alkaline reserve. 
With a plasma carbon dioxide of 25 per cent, which corresponds 
to a urine index of 55, the index may be 65, indicating 15 per cent 
plasma carbon dioxide, which in our experience is fatal, or it 
may be 45, indicating 35 per cent plasma carbon dioxide, which 
though a pronounced acidosis is so well above the danger limit 
that signs of coma are usually absent. 

Of the two indirect measures of alkaline reserve, therefore, 
the alveolar carbon dioxide appears the more accurate in meas- 
uring the more severe stages of diabetic acidosis, such as are 
encountered in threatened coma, while the index of acid excre- 
tion is the more accurate in measuring the more common inter- 
mediate stages. 

The data published in this and the preceding papers appear 
sufficiently complete to warrant the generalizations expressed in 
the following table. 

Range of Results Obtained with Normal and Pathological Plasma. 
“Se “4 oe als > + - Correspond- 


ing values of 
acid index of 


Plasma COs capacity 


urine 
Condition of subject Reading of ap- . De ee to} D . 
paratus Gas + * mm. j W v ( 


bound as bi- | 
| | Deviations of 


+ 10 must be 
allowed for 


from lee 


- | carbonate by 
piasma a 


100 ec. plasma 


Norma! resting adult * extreme limits.) 0.90—0.65 77—53 3—27 
Mild acidosis. No visible symptoms.) 0 65—0 52 53—40 27 —40 
Moderate acidosis. Symptoms may 

be apparent Bissi 0.52—0.41 | 40—30 40 — 50 
Severe acidosis. Symptoms of acid 

intoxication Below 041 Below 30 | Over 50 
Lowest CO, observed with recovery 0 26 16 64 


*Schloss (Am. J. Dis. Child., 1917, xiii, 218) finds the carbon dioxide 
bound by the plasma of normal infants to be 46 to 63 ce. per 100 ec. of 
plasma, about 10 ce. lower than in adults. 
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13 
14 


15 


16 


Total calories. | 


SO 


160 
Fast day. 


“ “cc 


Green veg. only containing | 16 


‘ “ec 


“ce 
655 
170+ 


| Protein, 


| 


gm. 


wt 


15.0 | 


“ce 
“ 


“ 


29.0 


50.0 


“cc 


Fat. 


gm. 
5.0 


10.0 


25.0 
43.0 


43.5 
12.5 





17 
18 
197 








20 


21 


*Drowsiness. +tPartial fast. 


Fast day. 





Fast day. 


Green veg. only containing 
“ Lay “ “ 


a“ “cc “ce “ 


359 24.5 23.5 


|} Carbohydrate. | 


< 


40.5 


60.0, 2 


11.5 


5.0 


10.0 


10.0 
20.0 


12.5 


10.0 
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mm 


w 
to 


=~ 


7.0 


1.3 


| Alveolar COs. 


53.6 


31.2 
2.3 
58.2 


39.6 


) ce. 


mm.X 1.4 


ol 
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wi} 
ai 
7 


62 


SS 









6.66 


6.67 


6.70 


6.61 
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1. Case 2481, female, age 12. Diabetic less than 3 months, mild, fair 
ability to burn carbohydrate (shown subsequently by a carbohydrate 
tolerance test) 

The curves show a dangerous acidosis when the patient was placed 
on a fast. This was accompanied by clinical symptoms. The acidosis 
was ameliorated when a carbohydrate diet was instituted. The drop in 
alveolar CO, on the last day was evidently due merely to change in res- 
piratory control. 

(From April 30-May 21, 1915.) Group IV. 





THE JOURNAL OF BIOLOGICAL CHEMISTRY, VOL 





{ 
i 
} 
i 
} 









¢'€9 | $91 | | 


£°09 


O10 € 


OLES 


009% 


| SHOE 


| OFL'Z 


OES 


| O¢9 


| 
| 


/¢0%'T | STe‘T 
EST | OFFI 
CLIT | 0co'T 


¢'0¢ | $ 6S 
€°6r | 2°09 
F 61 | 9 09 


zx 


- 


a 

= 
< 
_ 


“sat sod SHIN 


i “IOUT rod poy 
Jay] dod Ber) 


| 
} 
| 


} 
| 
| 


‘eully) 


COE'S 


OC6'T 


CC'S 


09C'% 


| OFS 


009% 


‘IOH 


“[OA 


BUISE] | 


ye wu 
‘99 OOL 


£ 38 poo[q 


ajo °99 001 
“oO 
3d 

Aq punog *Q9) 


’ 


Aq punog #09 


-st 





“poojs] 


| OO ABLOVATY 
j 
| 


Wu ULue 


Raietaimeinaa Liss ciate cet Toe chee 


yO YE eae 





0 0€ 
0 06 
0 OI 


9°8 
0G 
Ol 


OOT 


oyerpAyoqie,) 


sduiBao [VUILLOPg Vs 


” 


| 
| 


” ’”” ” ” 
Fuluiwz,uod AjUO "FIA UdaIy 
“AUp JsBy 
| 1 Cs 
cI | O9T 
| O8 


0 16 


SEI 000°% 


"BOL IO; BO [FI0O.L 











ee eee oe 


pan wach sli rl angen ont 


"9798 98D) “G 


SI 
FI 
el 
ol 
Il 
Or 


“aud 





*Abdominal e1 amps 











SAUTE RIE RO Rtthottpin a: 


TS Tee ae 








were 
23 25 2 1 
iSI6FES. 








ALVEOLAR “ 
CO2*1.45 


20 





CASE NO 2646 














is 
2. Case 2646, female, age 19. Diabetic of moderate severity for 4 years. 
There was a marked acidosis on admission (February 19, 1916). 


had remained constant at a 


The chart shows the curves, which 
level of alarming acidosis for 7 days on a moderate mixed diet containing 
100 gm. of carbohydrate, immediately rise to a low normal level on fasting 
without NaHCOs, gain a high level on a carbohydrate test, regress to a 


ee ieverapanr when a low carbohydrate-tree diet was instituted, and 

again rise to normal when placed on another carbohydrate tolerance test 

After recovery from acidosis the alveolar COs is consistently much lower 

than it should be to indicate the blood bicarbonate. 

(From February 23-March 15, 1916.) Group II. 
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3. Case 2620, male, age 12. Diabetic 1 month, severe in that an ex- 
treme acidosis was present, as indicated both by laboratory and physical 
findings, but mild in carbohydrate tolerance (subsequently proven by a 
carbohydrate tolerance test). 

On admission the curves indicated extreme acidosis. 6 days of fasting 
(without NaHCO;) obviated danger from coma. The subsequent-?5 11) ) ce: 
of his carbohydrate tolerance test brought the acid curves to a norma! 
level, at which they were maintained for the remainder of his stay in the 
hospital. The alveolar CO, after recovery from acidosis was consistent}, 
very much lower than the plasma CQ». 
(From February 24—March 15, 1916.) 
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od CASE NO.2680 








4. Case 2680, female, age 29. Diabetic 10 months, of the extremest 
type, as shown by the inability to tolerate the 1,000 calories allowed 
although nearly half of the caloric intake was composed of alcohol. A 
moderate acidosis was manifested on admission (October 16, 1915). 

The curves (taken during the 4th month of hospital observation) 
show a tendency to acidosis by continually approaching the lower border 
of normal. Possibly this is the result of the necessarily low diet. The 
alveolar CO, is much too low to show the true blood bicarbonate. 
(From February 2-21, 1916.) Group ITI. 
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CASE NO2686 











iS 


Diabetic 1 year, extreme in acid intoxica- 


5. Case 2686, male, age 13. 
subsequently shown by a 


tion, rather severe in carbohydrate tolerance 
carbohydrate tolerance test). 

The curves indicate an acidosis bordering on coma, rapidly coming 
out of danger through fasting with NaHCO, therapy, but maintaining 
a subnormal level throughout. It might be prognosed from these curves, 
in such a young case, that the course of the disease, even under a strict 
régime, would be progressive. The alveolar CO, is consistently lower 
than the plasma bicarbonate. On March 3 the plasma bicarbonate and 
hydrogen ion concentration show a fall which is presumably due to ex- 
posure of the blood sample to CO: before centrifugation, since the whole 
blood figure as well as the acid excretion and alveolar CO, show no drop on 
this date. The absence of this phenomenon in the curves of other cases 
indicates the rarity of this accident. 
(From February 22—March 15, 1916.) 
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sizn CASE NO. 2414 
2 2 10 
riz 6. Case 2414, male, age 17. Diabetic 1 year of a rapidly progressive 
—| = Extreme acidosis on his first admission (March 19, 1915), responded 


to the fasting treatment, and again on the present admission. 
occasion the acidosis was precipitated by a self-directed fast of 7 days. 

The chart shows the curves, in a patient brought to the border of 
coma by ill-advised fasting. respond to treatment consisting of a low pro- 
tein-fat (carbohydrate-free) diet, sodium bicarbonate in moderate dosage, 
After recovery from this extreme acidosis, the alveo- 
The acid excretion during 


4u 





and forcing of fluid. 
lar CO. remained consistently subnormal. 
NaHCO; feeding is, as usual, greater than corresponds to the degree of 
The discrepancy disappears the day after NaHCO; 







internal acidosis. 
feeding ended. 
(From February 19-March 15, 1916.) 
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7. Case 2414, male, age 16. Diabetic less than 1 month. Mild in tol- 
erance for carbohydrate (proven by subsequent caroohydrate tolerance 
test) but extreme in acid intoxication, the patient being on the verge of 






coma on admission (March 19, 1915). 

The curves are shown to illustrate the response of a case, on the 
border of coma to the fasting treatment with moderate doses of NaHCO 
On this occasion the patient responded to such treatment. Chart 6 shows 
the diametrically opposite result obtained by fasting. These two glgugts 
waken togetherallustrate the necessity of having a patient under careful 
-observation during the fasting period, and the impossibility of predicting 
the behavior even of a patient who has been fasted before. 

(From March 19-May 4, 1915.) Group II. 
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8. Case 2293. 
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, CASE NO.2293 
16 
1915 MAR. 


8. Case 2293, male, age 29. Diabetic 2 years, of the severest type 
in intolerance of any food. Complicated at the end by pulmonary 
tuberculosis. 

The curves show failure of response to large doses of NaHCO;. Death 
occurred March 22, 1915. 

(From March 18-22, 1915.) Group III-IV. 
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: 9. Case 2358, age 11. Diabetic 1 year, of severe type in intolerance of 
: iny food. 
3 The curves show a sudden development of acidosis on two separate 
Ff fasting periods of 3 days each with a return to normal on the resumption 
* of diet. 
3 From April 16-May 21, 1915.) Group III. 
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10. Case 2684, female, age 43. 

The curves show a continuous low grade acidosis, possibly caused 
by a very low protein-fat (carbohydrate-free) diet, necessitated by a 
persistent glycosuria. The low level of these curves was subsequently 
noted over a period of 4 months’ observation. The acid excretion corre- 
sponds to the plasma bicarbonate, but the alveolar CO» was consistently 
very much too low. 

(From February 2-23, 1916.) Group ITI. 
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CASE NO. 2684 

Tce ee eee ree eee eee 
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li. Case 2684, female, age 43 (the same case as No. 10). Diabetic of 
extreme severity with marked emaciation. A mild acidosis was present 
on admission (January 1, 1916). 

The curves show a dangerous response to a moderate protein-fat (car- 
bohydrate-free) diet, which was accompanied by clinical manifesta- 
tions of severe acidosis. At the end of 9 days’ fasting the patient may be 
considered past danger from an acidosis point of view, as is indicated 
by the rise‘of the curves. The curves show consistent parallelism 
between acid excretion and plasma bicarbonate. 


(From January 2-25, 1916.) Group II. 
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gm gm. | gm 
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1915 gm gm | gm ( mm.jmm.X1.45 | PH 
May | | 
12 655 | 24.0 | 44.5; 10.0 27.8; 40.3 54.5, 1.96) 6.61 
13 930 13.0 | 72.0 20.0 34.4) 49.9 50.9) 1.48) 6.42 
14 1,230 17.0 105.5 | 15.0 
15 1370 | 62.0 | -113.5 15.0 
16 555* 21.3 49.0 3.0 
17 935*| 46.5 | 80.0 } 12.5 
18 1,530 78.0 | 123.0] 15.0 39.31 57.3 | 61.3] 1.56] 6.64 
19 1520 | 60.5 | 130.5] 15.0 
20) 1,450 70.0 123.5 | 3.5 
21 1,430 | 71.0 | 122.5 | 
22 | 1,425 | 60.5 j 127.0 | 37.7; 54.7 62.3) 1.65) 6.76 
23 Fast day. 
24 1,425 53.0 130.0 35.6) 51.6 60.6) 1.70) 6.83 
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Co2| pH 0 
it pHt+1 Hcl 
6546.8 co” te) od 
. PLASMA 
60 +66 co2 + 
55164 ~ 
ALVEOLAR . 
50} 62 C02%1-45 
45| 60 af 
4 40) 58 a 
E CASE NO.2382 
: © 331 — = z - on 


1915 APR!! MAY 

13. Case 2382, male, age 40. Diabetic 8 years, severe in intolerance of 
food, with a tendency to a low grade chronic acidosis. 

The curves are peculiar in that they are high during a period of 
relatively high fat feeding, and show an unstable and low level during a 
carbohydrate tolerance test, due perhaps to the 4 days’ fast which pre- 
ceded this test. 


Irom April 7-May 24, 1915.) Group III. 
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CASE NO. 2332 








25 25 30 
ISISMAR. APRIL 


14. Case 2332, age 42. Diabetic 8 years, of mild type, complicated by 


furunculosis and carbunculosis. 


During the period over which the chart is drawn, the patient suffered 


a rather intense gastrointestinal upset of unknown origin. This is re- 
flected in the instability of the curves. Following the recovery from 
this attack, the curves continue on a high level up to the time of discharge 
from the hospital. 


(From March 25-April 30, 1915.) 
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CASE NO. 2343 
Sa. SE SE (S52: Se 3 7 
© 3 t3 25 26 4 
iSISMAR. APRIL MAY 
15. Case 2343, male, age 44. Diabetic 9 years, mild in type, without 
evidence of acidosis before the institution of active treatment 
The curves show an unstable and rather low level, following 2 
months’ period of very low diet, and a gradual rising and uniformity of 
the curves when the patient was placed on an adequate diet 
From March 30—May 4, 1915.) Group I 
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60+66 / pH+iHcl . 
ALYEOLAR 
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~*~ oFtASna 
50+ 62 = 
45+ 60 _ 
CASE NO. 21268 
40! 
‘ 1915 APRIL MAY 
{ 16. Case 2128, female, age 18. Diabetic 3 years, of severe type in in- 
5 ability to metabolize carbohydrate or fat, though maintaining a fair state 
# of nutrition and strength. 
% (From April 15-May 18, 1915.) Group III-IV. 
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: = ; 
‘ CASE NO.2480 
17. Case 2480, female, age 28. Diabetic 5 years, formerly of a mild 
type, but latterly developing into an obstinately progressive form, with 
emaciation and inability to tolerate calories enough to maintain existence 
in an aglycosuric state. A low grade acidosis has been present for 15 
months of observation. 
During the period shown the patient was temporarily free from acidosis 
as the result of unusual response to treatment. The acid excretion cor- 
| : responds to the plasma bicarbonate, but the alveolar CO; is consistently 
i too low. 


(From February 2-21, 1916.) Group III. 
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19. Case 2374, 


Diabetic 11 years, o 
arrested until the year before admission, when, following a physical shock, 
the patient showed signs of marked acidosis. 


1. mild type, apparently 


er ar pene aX 5a 


a mild diabetic 





responding satisfactorily to treatment. 
(From April 15-May 24, 1915.) 
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20. Case 2389, male, age 35. 


MAY 


H+1HCl = x 
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CASE NO.2389 








Diabetic 43 years, of moderate severity 
as shown by low tolerance for carbohydrate. 

The curves show the absence of acidosis in a case which responds 
The alveolar CO, following fasting on May 


18-19, shows on the 19th a false drop, due not to fall in blood bicarbonate, 
but to the nervous effect of fasting. 


(From April 14-May 21, 1915.) 
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21. Case 2394, male, age 30. Diabetic 1} years, of mild type without 


any evidence of acidosis. 


The chart shows a fall in the curves to below normal during the 
g 


period of adjustment following a high carbohydrate diet. Following this 
period the curves remained normal throughout. 


(From April 1-May 4, 1915.) Group I 
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22. Case 2366, male, age 26. Lobar pneumonia, empyema, acute ne- 
phritis. Acute nephritis was discovered February 12, 1915, during con- 
valescence from a severe attack of lobar pneumonia followed by empyema. 
Typical course of severe acute nephritis with evidence of marked change 
in renal function followed recovery. “ 

The chart shows the curves in a patient with the acidosis of acute 
nephritis, with return to normal as renal function improved. These 
curves are of especial interest because they show an effect of disease on 
respiration exactly opposite to that often encountered in severe diabetes. 
The alveolar CO» was consistently much too high to indicate the real ex- 
tent to which the alkaline reserve was lowered. 

(March 21-May 21, 1915.) Nephritic. 
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bonate concentration of blood 
plasma as measure of, 289 

——, diabetic, blood, urine, andal- 
veolar air in, 405 

—, studies of, 289, 347, 369, 389, 
401, 405 

Apams, H. 8. The thermal decom- 
position of the oxytocie princi- 
ple of pituitary solution, 235 

Appis, T. See BARNETT and Ap- 
pis, 41 

Aerogenes and colon family of bac- 
teria, improved chemical meth- 
ods for differentiating, 209 

Alkaline reserve and acid excretion, 
relationship of, 389 

Alveolar air in d abetie acidosis, 405 

— carbon dioxide in normal men 

during digestive rest and ac- 
tivity, 401 

Ammonia of blood, urea as source 
of, 41 

Arachin and conarachin, distribu- 
tion of basic nitrogen in, 33 

Arachis hypogea, proteins of, 33 

Autolysis, enzyme and reaction of 
medium in, 197 


BACTERIA of the coli-aerogenes 
family, improved chemical 
methods for differentiating, 209 

——, decomposition of protein sub- 
stances through action of, 135 


Barnett, G. D., and Appts, T. 
Urea as a source of blood am- 
monia, 41 


INDEX TO VOLUME XXX. 


Bicarbonate concentration of blood 
plasma, its significance, and its 
determination as a measure of 
acidosis, 289 

—— of plasma in normal men dur- 
ing digestive rest and activity, 
401 

Blood ammonia, urea as source of, 
41 

—— in diabetic acidosis, 405 

—, human, calcium content of, 1 
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CO, of the air, 265 
Conarachin and arachin, distribu- 
tion of basie nitrogen in, 33 
Coorer, L. F. See Rose 
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A POTENTIOMETER FOR THE DE- 
TERMINATION OF HYDROGEN ION 
CONCENTRATION IN SOLUTIONS 





HE POTENTIOMETER illustrated above is now being used by a number of 
investigators for measuring the E. M. F. between the Hydrogen and Calomel 
electrodes in Hydrogen Ion Concentration determinations. It is rapidly replacing 
the electrometer for such work for the following reasons: first, it is much more sensi- 
tive than the electrometer; second, its use does not entail the annoying delays 
met with in the use of the electrometer when overcharged and thus polarized. 
The Leeds and Northrup Potentiometer has two ranges. Normally measure- 
ments may be made up to 1.6 volts by steps of .00001 volt. A range changing 
plug enables measurements to be made up to .16 volt by steps of .000001 volt. 
The precision of adjustment is such that on the high range measurements from 
.| volt up may be made to a precision of better than 1/50%. On the low range 
measurements from .01 volt up may be made to the same degree of precision. 
The instrument and its accessories require little or no attention. Its manipu- 
lation is simple. 
A full description of this potentiometer will be sent upon request, as well as a 
list of some of those who are now using it for Hydrogen Ion Concentration 
determinations. 


THE LEEDS & NORTHRUP CO. 


ELECTRICAL MEASURING INSTRUMENTS 
4930 STENTON AVENUE PHILADELPHIA 














